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Abstract 
Participation in sports greatly increases the chance of concussion, and in a study on soccer it was 
determined that 62.7% of players experienced at least one concussion during a season. The goal 
of this project was to address existing gaps in the efficacy of available soccer headgear. Design 
considerations included reducing head accelerations during collisions, thermal regulation, and 
size adaptability, while not limiting the users’ mobility during game play. The headgear reduced 
linear accelerations by an average of 39.2% along the sagittal plane, and 19.4% along the coronal 
plane, while only increasing head exterior temperature by 3.6 °F during exercise. Feedback from 
university soccer athletes showed positive results for comfort and fit. Overall, the prototype 
addressed the existing gaps in the effectiveness of competing products and met the team’s 
objectives.   
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Chapter 1: Introduction 
Approximately 225,000 new patients per year suffer from a concussion, which is a mild form of 
traumatic brain injury (TBI) that is caused by a bump, blow, or jolt to the head (Delany et al. 
2002; “A Fact Sheet for Teachers, Counselors, and School Professionals” 2010). The severity of 
the concussion is dependent upon rotational or linear forces that result in acceleration and 
deceleration of the brain around the midpoint. Observational symptoms include headache, 
nausea, balance issues, noise sensitivity, confusion, and potentially a loss of consciousness (“A 
Fact Sheet for Teachers, Counselors, and School Professionals” 2010). Concussions can also 
cause neurological injury, including brain bruising and cell death (Patlak 2002). These injuries to 
the brain can be especially detrimental to collegiate athletes under the age of 20 because the 
player’s brain is still in the developing stages. 
 
Participation in sports increases the risk of a mild TBI or concussion. In a specified study by 
Delany, 62.7% of soccer players experienced at least one concussion. In this same study, only 
19.8% of the 62.7% had even realized they had a concussion. Of the concussed players, 18.7% 
experienced symptoms for at least a week (Delany et al. 2002). Once an athlete suffers from a 
concussion, they are three times more likely to get another concussion (Guskiewicz, McCrea, 
and Marshall 2003). The growing number of concussions shows that there is a need for headgear 
that can help alleviate concussion-causing forces. 
 
Helmets and headgear are prevalent throughout all contact sports, except soccer. However, 
within the past ten years, there has been a development of headgear designs specifically for 
soccer, and many of these designs were meant to address different aspects of soccer related brain 
injury. One of the major products on the market, the Full90 Headguard, has attempted to address 
some of the issues stated above (“F90 Premier Headguard” 2011). However, studies show that it 
does not reduce enough acceleration to be considered extremely helpful. Therefore, further 
developments necessary for an effective soccer headgear. 
 
Through literature research and stakeholder interviews, it was determined that the existing 
products were not completely satisfying the user needs. The current designs are not thermally 
regulated, making the athlete uncomfortably warm during play. Additionally, the designs do not 
conform to the shape of the player’s head, resulting in constant adjustment, which interferes with 
play. These gaps in the soccer headgear designs have created a need for an innovative product. 
 
Observing the shortcomings of the current products on the market, and identifying the 
technological breakthroughs, the team has investigated means to prevent concussion-causing 
accelerations through the use of a headgear design. 
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Chapter 2: Background 
2.1 Concussions: An Overview 
Participation in sports greatly increases the chance of a concussion, which occurs during head 
collisions. In this section of the background, the physiology of the brain and the effects of 
different forces on the brain will be further explored. The mechanics of concussion-causing 
rotational and linear accelerations are discussed. Special attention is placed on how these 
accelerations create concussions. In addition, models of concussion testing will be investigated. 
2.1.1 Physiology 
The brain is a major component to the central nervous system and controls all parts of the body. 
Its centralized control allows for rapid and coordinated responses to changes in the environment. 
The brain is composed of approximately one thousand million neurons. There are three major 
components to the brain: the cerebrum, cerebellum and brain stem. The cerebrum, composed of 
white and grey matter, generates complex intellectual thoughts and controls body movement. 
Regions such as the frontal lobe, occipital lobe, parietal lobe, and temporal lobe make up the 
cerebrum. These portions of the brain are located under their respective cranial bones. The brain 
floats within the skull in the layer called the Dura Mater, which is responsible for retaining the 
cerebral spinal fluid (Pack 2001).  
 
The importance and complex nature of the brain makes for pathologies and injuries to be of 
critical concern. When the brain experiences a traumatic injury, a series of chemical and 
biomechanical events occur. This current design project focuses on reducing mild TBI, 
commonly known as concussion. A concussion, as defined by the Center for Disease Control and 
Prevention, is “a bump, blow, or jolt to the head that can change the way your brain normally 
works” (Prevention 2010).  It has been additionally been defined as a “… result of rotational 
forces exerted at the junction of the upper midbrain and thalamus” due to rapid angular 
acceleration and deceleration (Allan H. Ropper 2007). The thalamus regulates consciousness, 
sleep, and alertness in the body. During accelerations, the functions of the thalamus can be 
interrupted.  
 
Upon impact, the brain is subjected to a collision through the Dura Mater into the skull. The 
white and grey matters in the cerebrum have different consistencies and therefore experience 
dissimilar velocities when colliding with the skull. The translational forces from TBI can result 
in two forms of injury: focal or diffuse axonal injury. A focal injury is a contusion localized in a 
specific portion of the brain; a diffuse axonal injury is much more common and is widespread 
microscopic damage. A concussion is a diffuse form of injury from the stretching and sharing of 
axons, which results from the strain they experience during rotational acceleration and 
deceleration (“Mild Traumatic Brain Injury [5 of 20]: Effects of TBI - Biomechanics and 
Pathophysiology” 2010).  
 
The moment of concussion results in a cascade of biochemical events within the neuronal 
activity. The binding of the neurotransmitter glutamate to the N-methyl-D-aspartate (NMDA) 
receptor results in neuronal depolarization. Channels of the axon open, resulting in an efflux of 
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potassium and an influx of calcium and sodium.  This process requires adenosine triphosphate 
(ATP) to go against the cell gradient by active transport of a sodium potassium pump. The rapid 
intake of calcium impairs the oxidative metabolism, which compromises the creation of ATP. 
Energy is no longer made to polarize and depolarize the neuron properly. As stated by the 
Journal of Athletic Training, “The resulting energy crisis is a likely mechanism for post 
concussive vulnerability, making the brain less able to respond adequately to a second injury and 
potentially leading to longer-lasting deficits” (Hovda 2001). Figure 1 represents the 
neurometabolic cascade that occurs from the moment of concussion, as shown by Hovda.  
 
 
Figure 1: Neurometabolic Cascade over time 
(Hovda 2001). 
 
These physiological effects result in various symptoms including, but not limited to, delayed 
responses, disorientation, inattention, incoordination, memory issues, or potential loss of 
consciousness. Intensity and severity of concussion has led to a grading mechanism for 
classification. A Grade 1 concussion results in no loss of consciousness, transient confusion, and 
symptoms last less than 15 minutes.  Grade 2 concussion has the same stipulations as a Grade 1 
except that the symptoms last more than 15 minutes. A Grade 3, the most severe, is 
automatically classified once consciousness is lost (Joy 2002).  
2.1.2 Mechanics 
Upon impact, the head and brain undergo significant forces and accelerations that cause internal 
changes to the brain.  The brain sits at rest within a pocket of fluid in the head. As an impact 
occurs to the head, the skull travels backward while the brain remains in place in the fluid due to 
inertia. A coup is the act of the skull hitting the front of the brain due to the inertial forces (Barth 
et al, 2001). 
 
Several subsequent injuries occur during the movement of the brain on impact. The secondary 
concern is the contrecoup. The contrecoup occurs after the brain is impacted on the front.  As 
described by Barth, for the moments that the skull moves and the brain remains inert, a vacuum 
is created behind the brain.  After the initial coup, and as this vacuum dissipates, the brain 
accelerates backward, striking the back of the skull. These contrecoup injuries are usually more 
severe than coup injuries (Barth et al, 2001).   
 
To add to the coup and contrecoup collisions, rotational forces are typically present. These 
rotational forces create significant damage along the outside of the brain, whereas the blunt 
forces (coup and contrecoup) propagate stress and strain throughout the brain.  As the brain 
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strikes the skull in the coup/contrecoup interactions, rotational forces scrape the brain against the 
skull – this causes significant surface damage to the brain (Barth et al, 2001). Therefore, the 
severity of concussion is dependent upon the blunt forces caused by coup/contrecoup 
interactions, as well as the scraping caused by rotational forces.  
2.1.3 Biomechanical Factors for Brain Injury 
Although there are many factors in concussion prediction, two known variables are linear and 
rotational acceleration (Viano et. Al, 2007). Upon impact, the brain hits the skull and undergoes 
linear and rotational accelerations (coup) followed by the rebound (contrecoup), during which 
the brain experiences deceleration (Mild Traumatic Brain Injury [5 of 20]: Effects of TBI - 
Biomechanics and Pathophysiology 2010). 
 
These terms, rotational and linear accelerations, are labeled according to the six axes of 
movement of the head.  These axes are front and back, up and down, and left to right. During 
linear accelerations of the head, there is movement along only one axis of movement.  Linear 
accelerations are common during everyday life, and seldom cause significant injury because of 
the low levels of shear forces between cells of the brain (Naunheim et. Al, 2001). 
 
Rotational acceleration applies to changes in rotational velocity of the brain and can be much 
more traumatic than linear accelerations. The head pivots around the neck, which causes 
rotational accelerations about the thalamus. Studies show that strain propagated through the mid 
brain and surrounding area is a factor in concussion severity, and that strain is most present in 
rotational accelerations (Viano et. Al, 2007). Zhang et al states “The current belief is that angular 
acceleration is more damaging than linear acceleration, even though in any head impact both 
forms are usually present.” (2003). Therefore, the threshold of concussion for a human is based 
on both accelerations, and is consequently difficult to determine. 
2.1.4 Modeling of Concussion 
2.1.4.1 Head Models 
Several models exist that reproduce the effect of concussion causing forces on the skull and 
brain.  Each of these models is an extension of previous research, and they are defined by the 
assumptions that the researchers make in creation of them.  The models investigated by the team 
can be categorized into empirically based mathematical models.   
 
Mathematical models of the brain and skull constitute the foundation of most of the head 
modeling research.  These models were typically established in the late 1960’s and early 1970’s, 
and are derived based upon varying assumptions made by the researcher. These mathematical 
models are all found using various theoretical approaches, with some form of empirical data to 
prove the accuracy of the assumptions made.  Typically these older models were used to 
investigate the effect of several variables in the properties of the head (Akkas 1975). 
 
Ljung modeled the displacement of the brain stem area in relation to the superior sagittal sinus.  
Before this investigation, previous research had defined the brain as a sphere within a spheroidal 
rigid skull.  However, Ljung saw the importance of the brain stem area as a gap in the previous 
research and defined the research scope around that.  Therefore, Ljung produced several 
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mathematical models of different geometries to create a realistic model for this area alone (Ljung 
1975).  As seen in Appendix C: Annotated Bibliographies for Head Modeling, the models were 
of an infinite cylinder, a semi-infinite cylinder, and a semi sphere within a half sphere shell.  The 
resulting mathematical models were presented; the infinite cylinder and semi sphere approaches 
seemed to create a similar effect.  These models were then validated with cadaver testing, and 
used to calculate brain displacement when subjected to different accelerations (Ljung 1975).   
 
In another model by Akkas, the brain is a simple sphere within a shell. The shell is modeled as a 
sandwich material because of the composite nature of bone.  The motion of the brain is not 
focused upon, and treats the brain as an inviscid, compressible fluid.  The main focus of this 
model was to determine the effect of the material of the skull on the displacement of the same 
material.  The model of the brain’s motion, which is of the most interest to the team, was simply 
modeled as a wave function to create an effect on the bone structure (Akkas 1975). 
 
Finite Element Modeling (FEM) is a more recent breakthrough in modeling of multiple body 
interactions.  Several head FEM have been created to determine the propagation of stresses and 
pressures, as well as the effect of several external factors upon the brain. Similar to the 
mathematical models mentioned above, the FEM models tend to focus on a specific aspect of the 
mechanical properties of the head (Grujicic et al. 2010).  
 
Grujicic described a specific FEM analysis that aided in identifying the secondary stresses 
necessary to cause damage to the brain.  In this analysis, the brain is modeled as elastic under 
hydrostatic responses to forces, as well as viscoelastic when placed under shear responses 
(Grujicic et al. 2010).  Specific areas of the brain are also modeled with differing properties to 
realistically simulate the effect of accelerations to the brain.  This model is then subjected to a 
string of different situations; the situation of most interest to the team is the blunt-object force 
simulation.  It was found that deforming stresses occur in peak values at the site of the collision 
and the site opposite of the collision.  Much attention was given to the pressures and resulting 
stresses that propagated throughout the head, but not as much to the microstructures in the brain 
that can cause concussion (Grujicic et al. 2010). It was also determined that the peak pressures 
and stresses did not reach a concussive threshold (as is described below) because of the 
conditions used (Grujicic et al. 2010). 
 
One FEM study of mild TBI provides a predictor of concussion.  Taking data from football 
players in the NFL, Zhang developed a model based upon the product of the strain and strain rate 
in the brain and not according to the accelerations (as is typical for models such as these). This 
equation was determined to have the most relation to the incidence and severity of the 
concussion because it was based on the reaction of the brain to accelerations versus a model of 
the brain during accelerations.  According to this relationship established by Zhang, probability 
of brain injury increases sharply from 0 to 90% when the product of the strain and strain rate 
increases from 10 to 20 (Figure 2). For higher products, the chance of injury climbs to the 
asymptote of 100% (Zhang et al. 2003). 
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Figure 2: Model of Predicting Concussion 
(Zhang et al. 2003). 
 
After updating the model for recent breakthroughs in brain matter modeling, the new model was 
used to recreate stress and pressure waves throughout the head for several real-life football 
accidents. The researchers collected data on film during football play, and recreated the injurious 
and non-injurious accidents within a laboratory.  Each accident is reconstructed using two 
Hybrid III dummy necks and heads, each wearing a football helmet and nine accelerometers to 
calculate the various rotational and linear accelerations.  These heads were then placed at the 
original angles from the real-life situation, and then a drop test was used to recreate the results of 
the accident (Zhang et al. 2004).   
 
Using the data collected from these accident recreations, a case by case analysis was carried out 
to determine major responses of the brain tissue.  Zhang’s original FEM was updated to reflect a 
50th percentile male.  The model was then tested against cadavers and proven to be effective.  In 
this model, the brain is assumed to be inhomogeneous and anisotropic.  To include the 
inhomogeneous aspect of the brain, white tissue matter was modeled along with the gray tissue 
and the brainstem (Zhang et al. 2004).  The material properties of the brain are shown below in 
Table 1. 
 
 Table 1: Material Properties used in the FEM  
(Zhang et al. 2004) 
 
 
The authors recreated this head model using the finite element analysis program called Pam-
Crash.  The responses of the brain during several loads were determined, such as the intracranial 
pressure and brain shear stress.  These responses were used to determine the injury severity 
(Zhang et al. 2004). 
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2.1.4.2 Injury Threshold as Determined by Concussion Models 
Average and peak head accelerations were calculated for rotational and linear cases from the 
Zhang injury model. For injurious cases, peak linear accelerations ranged from 61g – 144g with 
an average of 103 ± 30g.  Rotationally, the results ranged from 4,168 rad/s2 – 12,832 rad/s2 with 
an average of 7,354 ± 2,897 rad/s2. For cases that were non injurious, peak linear accelerations 
were recorded from 32g – 102g with an average of 55 ± 21g.  For rotational, peak accelerations 
were recorded from 2,087 rad/s2 – 6,265 rad/s2 with an average of 4,204 ± 1,411 rad/s2 (Zhang et 
al. 2004). 
 
The resulting shear and pressure that the brain underwent were also recorded.  The pressures 
were significantly higher for the injury cases and were mostly due to linear accelerations.  The 
length of the pressure applied depended on the length of the hit.  Calculated shear stresses were 
highest around the midbrain and the thalamus.  The thalamus underwent a 4.0 kPa maximum 
shear, but the midbrain was subjected to a much higher maximum of 9.0 kPa.  These stresses 
provide the best predictor for concussions (Zhang et al. 2004). 
 
The injury tolerance level proposed by Zhang is based upon the pressures and stresses required 
to create a concussion.  The peak linear accelerations were found to be 66, 82 and 106g for a 
25%, 50% and 80% chance of causing a concussion, respectively.  The peak rotational 
accelerations were found to be 4,600, 5,900 and 7,900 rad/s2 for a 25%, 50% and 80% chance of 
concussion, respectively.  Tolerances for these accelerations are much lower when in 
combination.   “If the head was exposed to a combined translational and rotational acceleration, 
with an impact duration of between 10 to 30 ms, the suggested tolerable reversible brain injury 
level was less than 85g, for translational acceleration.  For rotational acceleration, it was less 
than 6.0*103 rad/s2” (Zhang et al. 2004).   
2.2 Concussions in sports 
In 1991, approximately 1.5 million TBIs were reported in the United States, 20% of which were 
sports-related mild TBIs. Among the sport concussions, 12% of the players were hospitalized, 
55% received out-patient care and 34% received no medical care (Sosin 1996). Athletes involved 
with boxing, football, ice hockey and the martial arts are more likely to have a concussion 
(Powell 2001). However, concussions caused in soccer games are receiving more attention 
because of the increasing number of recognized and confirmed concussions. Testing for 
concussions include magnetic resonance imaging and computerized tomography imaging, as 
well as neurological examinations. In a survey done at the McGill University in Montreal, 
Canada, 44 football players and 52 soccer players were studies to gain a better understanding and 
comparative information about concussions in these two sports. It was found that 62.7% of the 
soccer players experienced a concussion, while 70.4% of the football players experienced the 
same symptoms. However, only 19.8% of the soccer players and 23.4% of the football players 
realized they had suffered a concussion (Scott et al. 2002). 
2.2.1 Causes 
Contrary to popular belief, hitting a soccer ball with the forehead (headers) do not cause 
concussions. When players head the ball, they are expecting the force of the ball on the head and 
prepare themselves from the force. In this way, the forces are better dissipated over the neck, the 
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shoulders and the back, so that the head does not receive all the blunt force (Meaney 2011). The 
most common concussions in soccer are caused by collisions with another player’s head or 
forceful and unexpected contact with the ball. In a concussion study done from 1995-1996 with 
both female and male players (26 total concussed players) 28% of the athletes sustained 
concussion because of a collision with another player’s head. 24% of the players suffered a 
concussion because the soccer ball strikes them at close range and at full force (i.e. the player 
does not have sufficient time to prepare the body for the force, which means that most of the 
forces are absorbed by the head instead of being spread over the body). Some of the other 
common causes of soccer concussion include the head striking the ground (14%), the elbow 
hitting the head (14%), the knee hitting the head (3%), a foot hitting the head (3%) or the goalie 
colliding with the goal post (3%) (Boden 1998). 
2.2.2 Symptoms 
Some of the common concussion symptoms experienced include: 
! Headache or “pressure” in head 
! Nausea or vomiting 
! Balance problems or dizziness 
! Double or blurry vision 
! Sensitivity to light 
! Sensitivity to noise 
! Feeling sluggish, hazy, foggy or groggy 
! Concentration or memory problems 
! Confusion 
! Does not “feel right” 
  [N.B: This information was taken directly from The CDC and NCAA fact   
  sheets (“Concussion: A Fact Sheet for Coaches”)] 
 
Some of the concussion symptoms that can be observed by the coaching staff include: 
! Appears dazed or stunned 
! Is confused about assignment or position 
! Forgets plays 
! Is unsure of game, score or opponent 
! Moves clumsily 
! Answers questions slowly 
! Loses consciousness (even briefly) 
! Shows behavior or personality changes 
! Can’t recall events before hit or fall 
! Can’t recall events after hit or fall 
[N.B: This information was taken directly from The CDC and NCAA fact sheets 
(“Concussion: A Fact Sheet for Coaches”)] 
2.2.3 Protocol after a concussion 
Once an athlete experiences a concussion, it is important for that person to report to a medical 
staff so that they can receive the necessary help. Some of the recommended next steps include 
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getting plenty of rest so that the brain can heal from the impact, as well as avoid strenuous 
physical activity. For athletes to go back to the game, they must first be cleared with a medical 
professional (“CDC: Feel Better”). 
2.2.4 Reoccurring Concussions 
Once an athlete suffers from a concussion, they are three times more likely to get another 
concussion. In a study done by the National Collegiate Athletic Association (NCAA) on football 
players, 6.5% of the players received a second concussion during the same season (Guskiewicz, 
McCrea, and Marshall 2003).  In the previously mentioned Canadian study, 81.7% of the 
concussed soccer players had experienced a previous concussion in their life (Delany et al. 
2002). Since the recurrence of concussions causes additional physiological damage to the brain, 
it is important to protect players against the effects of concussions. 
2.3 Headgear in sports 
Based on the statistics about athletes who have suffered from concussions, scientists and 
engineers have designed multiple headgear and helmets to help reduce concussion-causing 
accelerations. This section will explore the patents and existing headgear to gain a better 
understanding of the existing products. 
2.3.1 Physical Characterization of helmets and headgear 
2.3.1.1 Structure 
The structure of the helmet and the headgear varies between the users’ needs. There are three 
main types of headgear structure that are used to protect the head. Football uses a full cover 
helmet that protects all portions of the head (Figure 3). Rugby scrumcaps include softer padding 
than the helmet, as mandated by the International Rugby Board (Figure 4). This ensures that 
rugby players, who do not wear protective padding, are not injured by metal parts (“Laws and 
Regulations”). Another type of head protective gear is the soccer headgear (Figure 5). Similar to 
rugby, there are rules and regulations that govern the headgears in soccer. One such regulation is 
that no metal or foreign material can protrude from the headgear. Rule 4 of NCAA article 
requirements states “Headgear, headbands and hats (goalkeepers only) are legal providing they 
are not considered dangerous to any player” (McCrath et al. 2011). Any designs for soccer 
headgear must follow this rule. 
 
 
Figure 3: A Typical Football Helmet 
(“Youth ION 4D”) 
 
Figure 4: A Typical Rugby Scrum Cap 
(“Protective Wear: Scrum Caps”) 
 
 
Figure 5: The F90 Premier Headgear 
for Soccer 
(“F90 Premier HeadGuard” 2011) 
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2.3.1.2 Materials 
Different types of materials are used depending on the major purpose of the helmet or headgear. 
The most common morphology of materials used is polymeric foam because its properties can be 
changed easily. In typical helmet liners, expanded polystyrene (EPS), expanded polyethylene 
(EPE), expanded polypropylene (EPP), vinyl nitrile and cross-linked polyethylene are used. 
These foams can be further characterized into recoverable and non-recoverable foams. For 
example, EPP, EPE, vinyl nitrile and other cross-linked foams are recoverable foams that are 
closed celled (Gimbel and Hoshizaki 2008; Shivkumar 2011). These foams are used to dissipate 
energy and forces across the material by pushing the air out of the cells while still keeping the 
integrity of the foam. The advantage of recoverable foams is that the structure will be the same 
for longer periods of time. However, these foams do not absorb the energy as well as non-
recoverable foams do (Gimbel and Hoshizaki 2008). Non-recoverable foams are open-cell foams 
that absorb the energy by crushing the walls of the cells. This enables the material to take on a 
greater amount of force. In addition, these materials are cheap, weigh less and help with thermal 
regulation (i.e. the open cell properties help wick the moisture away from the body) (Gimbel and 
Hoshizaki 2008; Shivkumar 2011). However, since the non-recoverable foam loses its integrity 
after a hard impact, it can only be used for a limited amount of time (Gimbel and Hoshizaki 
2008).  
2.3.1 Related products in contact sports  
Football, rugby, lacrosse, softball and baseball are all contact sports in which players wear 
helmets and headgear to protect themselves. Each sport uses different mechanisms to attenuate 
forces. For example, football helmets are made of solid plastic and polymeric foam that helps 
dissipate forces. A helmet can be stiff so that it can withstand larger impacts, but it does not 
dissipate concussion-causing forces as well. If it is soft, it will absorb smaller forces but not 
perform well under larger forces (“Head Injuries in Football” 2010). Helmet manufacturers have 
chosen to use stiffer foams that prevent fatal head injuries, but are not ideal for concussion-
causing forces (O'Connell and Roberts 2010). 
 
In rugby, another contact sport that has a high concussion rate, 86% of the concussions were 
reported to be in the parietal-temporal region while 10% of the injuries were reported to be in the 
occipital region. Rugby scrumcaps have been designed to alleviate the forces on these particular 
sections (Caswell et al. 2003). One of the main issues with the scrumcap is that the soft, closed-
cell foam used can cause an undesirable memory effect (McCrory and McIntosh 2000). The 
foam may lose its ability to decrease forces, making the headgear unusable (Caswell et al. 2003). 
2.3.2 Current products for soccer 
2.3.2.1 Patents in soccer headgear 
Headgear designs specifically for soccer have been patented since the early 2000s. Patents range 
from simple bands that wrap around the forehead, to cap designs with chin straps, and to 
complicated constructions with multiple pieces (Domingos 2006; Hirsh 2000; Carter 2002). In 
addition to the different structural designs, various material considerations were made for the 
patents. Material considerations include close-celled foams and open cell foams, as well as 
rubber and elastomeric padding. Majority of the designs strive to achieve head injury prevention 
but no product was designed specifically for concussion prevention. This gap leads to the need 
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for innovative qualities in a new soccer headgear design. To see a search conducted on soccer 
headgear patents within the past ten years please refer to Appendix B: Patents of Soccer 
Headgear. 
2.3.2.2 The F90 Headguard Case Studies 
One of the major products on the current market is the Full 90 Headguard. An older generation 
of this design is called the Headers and was tested against two other headgears: the Headblast 
and the Protector (Figure 6). The Headblast was made out of a thin neoprene material with a 
flexible piece of plastic attached to it. The Protector contained hard plastic inserts attached with 
foam and a terry-cloth headband (Broglio et al. 2003). 
 
 
Figure 6: A. The Full 90 Headgaurd; B. the Headblast; C. The Protector 
(Broglio et al. 2003) 
 
A force platform, an I-beam, and a JUGS Soccer Machine (which shot a soccer ball), were used 
to test the efficacy of the different headgear. Broglio measured the peak force, the duration of 
collision, and the impulse. According to the results, as shown in Table 2, the Headers headband 
was able to reduce peak force by 12.5% when compared to the no-headband condition. The 
Headers headband showed a larger impulse than the other conditions, indicating that there was a 
greater transfer of forces and energy to the head from the headgear. The Protector headband 
showed the lowest impulse, which means less momentum is transferred to the head.  However, it 
displayed a smaller time to peak force, which does not give as much time for the brain tissue to 
dissipate the force. All of the different headgears were able to dissipate the force of impact and 
attenuate the force reaching the head, but the Header was able to do that the best (Broglio et al. 
2003). 
 
 
Table 2: Peak Force, Time to Peak Force and Impulse (Mean ± SD) (Broglio et al. 2003) 
 
 
 
The newest generation of the Full 90 Pro headguard comes in three different categories: Club, 
Select and Premier (as shown in Figure 5 on page 15 and Figure 7 shown below).  The Club 
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Headguard, which is the simplest headgear the company offers, incorporates the ForceBloc 
foam, which is an “ultra-lightweight, high density foam made of polyethylene” (“F90 Premier 
Headguard” 2011). In addition to this unique foam, the Select headguard contains an “Adjustable 
TruFit System” that helps adjust the headgear to the player’s head. The final headgear option, the 
Premier, includes features that help manage moisture of the head (“F90 Premier Headguard” 
2011).  
 
 
Figure 7: Full 90 Headguard: Side View 
(“F90 Premier Headguard” 2011) 
 
A recent study completed on the Full 90 Premier discussed different accelerations and forces that 
the head is subjected to during a soccer game. The study takes into account the head, clavicle, 
several ribs, and a portion of the spine (down to the C7 vertebrae).  It also considers twenty three 
muscles that control the motion of the head and neck vertebrae.  A finite element model was used 
to simulate the response of the body to various accelerations (Lehner et. al 2010).  
 
The study also tested the collision time between the head and the ball. Subjects were blindfolded 
so they could not prepare themselves for a collision, which resulted in relaxed muscle tone. This 
testing was completed both with and without a headguard, and used a ball that had a mass of 417 
grams and a 22.3 cm diameter. The data shows that a typical collision lasts approximately 10 ms 
when the ball is traveling at 4 m/s. The head returned to the correct posture at 2 m/s, which took 
about 300 ms total. To further develop the study, the researchers tested the time of impact at the 
following velocities: 10 m/s, 20 m/s and 30 m/s. Table 3 shows the peak linear and rotational 
accelerations as well as the Head Impact Power (HIP) value. The HIP index measures with a unit 
of Watts, and is a summation of the components of power subjected to the head along the x, y, 
and z axes.  This includes the power that was created by both linear and rotational forces (Lehner 
et al. 2010).  
 
Table 3: Head Injury Indices With and Without Headgear (Lehner et al. 2010) 
 
 
Based on the study, it was determined that at the maximum velocity created by headers (23m/s), 
there is only a 5% chance that a concussion will be caused (Lehner et al. 2010). Therefore, this 
study clearly dismisses the chances of a concussion caused by head-to-ball collisions, even if the 
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collisions are unexpected. Secondly, this figure shows that the differences in accelerations do not 
change significantly if a subject is wearing a headguard.  Once the ball reaches a certain velocity, 
it appears that there will be a high chance of concussion, whether or not the user is wearing the 
headguard. This data questions the efficacy of the current headguard. 
 
The authors conclude that there is still much research to be completed on the efficacy of the 
headguard to prevent concussions.  Some of the future recommendations proposed by Lehner et 
al., are to subject the head and the headgear to different conditions, including hard surface 
collisions with the head (such as elbow or head to head) (Lehner et al. 2010). 
 
2.4 Initial Client Statement 
Based on the research done by the group, it was clear that there is a need to create a headgear 
that can reduce concussion-causing accelerations. 
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Chapter 3: Design Parameters 
3.1 Objectives  
 
Using the information gained from research and interviews with the soccer coaches, players and 
sports medicine doctors, the team established important objectives that defined the overall 
intended outcome of the design. These objectives were generated to ensure that the final product 
would meet the desires of the client. The three main objectives of this design include efficiency, 
marketability, and manufacturability. The team used an objective tree to help them organize the 
objectives and place them in an accurate hierarchical structure (Figure 8). 
          
 
Figure 8: Objective Tree 
 
For the headgear to be effective, the team and the stakeholders determined that it had to be 
reliable, safe for the user and the other players, and be able to protect the head. If designed 
according to the objectives, the headgear will be durable enough to last an entire season and be 
structurally sound so that it does not fail while the player is using it. The headgear will also 
maximize the heat dissipated by the head so that the player does not overheat. At the same time, 
all the physical structures of the headgear will not interfere with the game so that the athlete does 
not have to alter his/her style of playing to accommodate extra equipment. Most importantly, the 
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headgear must be able to reduce the effects of the accelerations that cause concussions so that it 
is considered effective. 
 
Secondly, to ensure the future success of the design, the headgear must be cost-effective and 
user-friendly. Since the targeted audiences are college athletes, the purchase price should be in a 
range that students can reach. By designing the headgear in a way that reduces the manufacturing 
cost, the final cost of the design will be lower. However, the team decided that if the headgear is 
not user friendly, athletes will not buy it, no matter the cost. Therefore, the headgear must be 
comfortable enough that the player does not feel the need to adjust it during the game. It must 
also be light-weight and fit various head sizes. Finally, the headgear should be aesthetically 
pleasing so that athletes will be more inclined to use it. 
 
After the team determined the objectives, they used Pairwise Comparison Charts (PCC) to rank 
the importance of the objectives in the different levels. The team created PCCs only for 
objectives that had three or more sub-objectives to keep the data more organized and concise. 
They used the advice given by Coach Malcolm Macpherson to determine the importance of each 
objective relative to each other (Macpherson 2011). For the first level objectives, “effective” was 
ranked higher than both marketability and the manufacturability of the design (Table 4). The 
coach and the team agreed that the main function of the headgear was to protect the head. 
 
Table 4: First Level Pairwise Comparison Chart 
 
Under the objective “effective,” the team created another PCC to help organize the importance of 
the sub-objectives (Table 5). In this case, once again, it was decided that protecting the head was 
the most important objective, followed by being safe for the user and reliable. Even though the 
headgear needs to be safe for the other players, it was decided that the other objectives ranked 
higher. Under the objective “safe for user,” the team ranked thermal regulation as more 
important than not interfering with the game, because thermal regulation is one of the major 
issues in the existing products (“Female Soccer Player Interview” 2011). The headgear should 
also be as structurally sound as it is durable. 
  
Table 5: Second Level Pairwise Comparison Chart for the objective "Effective" 
 Reliable Safe for user Able to protect 
head 
Safe for other 
players 
Total 
Reliable  0 0 1 1 
Safe for User 1  0 1 2 
Able to protect 
head 
1 1  1 3 
Safe for other 
players 
0 0 0  0 
 
 Effective Marketable Manufacturable Total 
Effective  1 1 2 
Marketable 0  0.5 0.5 
Manufacturable 0 0.5  0.5 
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In the second level objectives under “marketable,” the team decided that the design had to be 
more user-friendly than cost effective. Table 6 shows the PCC for “user friendly,” in which 
adjustable is ranked as one of the more important objectives. The headgear should also fit snugly 
so that the athlete does not have to constantly adjust the headgear during a game. “Comfort” and 
“light-weight” were equally ranked since they will both contribute to the success of the design. 
The team’s final objective, “aesthetically pleasing,” received the lowest score on the ranking but 
is still an important aspect to the design process. The user must feel mentally comfortable while 
wearing the headgear.  
 
 Table 6: Third Level Pairwise Comparison Chart for the objective  “User Friendly” 
 Comfortable Aesthetically 
Pleasing 
Fits various 
head sizes 
Light-Weight Total 
Comfortable  1 0 .5 1.5 
Aesthetically 
Pleasing 
0  0 0 0 
Fits various head 
sizes 
1 1  1 3 
Light -Weight .5 1 0  1.5 
  
Finally, the design has to be scalable for it to be manufactured on a larger scale. It also must be 
easy to assemble so that the manufacturing company can minimize the time spent on the 
construction of the design.  
  
Using the rankings of these objectives, the team was able to revise the client statement to better 
represent the need of the client. These objectives will also help the team design a headgear that 
can be successful because they will act as a baseline to whether or not the final design meets the 
requirements. 
3.2 Functions 
The three major functions of the headgear are: 
! Reduces concussion-causing accelerations 
! Adjusts to different adult head sizes 
! Minimize the heat trapped by the headgear 
It is important that all of these functions are met to insure that the headgear is effective and meets 
the other objectives. These functions were based on the input that the team received from sports 
medicine doctors, and athletes who wear the existing headgear (i.e. F90 Pro). These functions 
express the need to improve upon the existing headgear. If the headgear does not reduce 
concussion-causing accelerations and forces, it defeats the purpose of wearing a headgear. Since 
soccer headgear is usually worn by athletes who have already suffered from a concussion, it is 
important to keep the accelerations at a minimum. Another aspect to the headgear is that it has to 
be adjustable to fit players with different head sizes. If the headgear does not properly fit the 
head, players become distracted during a soccer game because they would have to constantly 
adjust the headgear. Similarly, the headgear must properly reduce the heat trapped by it so the 
player does not get overheated. It also must wick away the sweat caused by the headgear which 
will help thermally regulate the head and headgear. 
 23 
3.3 Means  
There is a need to investigate many different types of material to be used for this headgear. A 
soft headgear will most likely be designed with recoverable or non-recoverable foam or gel 
inserts in essential places around the head.  Choice and placement of the material will determine 
the level at which the headgear protects the head. From previous research, it has been determined 
that concussions are caused by a high linear or rotational acceleration of the head. The linear 
acceleration of the head is dissipated if the ball is expected by the player; the player tenses his 
neck, shoulders and back to prepare for the ball (Meaney 2011). A multi-layer helmet was 
discussed as an option, as well as neck bracing.  
 
Secondly, this headgear must be adjustable to properly fit the user.  This is essential to the 
effectiveness of the headgear.  Without adjustability in the design, the product cannot be used 
properly.   If the product is constantly adjusted, not only is it interfering with the play of the 
game, but it may displace on the head when the headgear collides with another object. There are 
two major options to create an adjustable headgear.  The first major option is a band that would 
stretch elastically to fit around the head snugly. The headgear could also include a strap with 
many different locking positions, such as buttons, hooks and loops, or Velcro straps.  The use of 
Velcro straps was preferred because the other options would interfere with the team’s 
constraints. Therefore, a means to fulfill this function was either an elastic band or adjustable 
Velcro straps. 
 
Our final function, minimizing the heat trapped by the headgear, is material and general design 
dependent.  With proper material choice that incorporates sweat wicking or a reasonably high 
thermal conductivity, the body heat can be dissipated easily to prevent heat sickness. This 
headgear could also dissipate heat through convection along the top of the head. This function 
proved to be difficult to solve because the lack of material over important head areas could lead 
to the failure to protect the head.  Therefore, this function’s effectiveness was weighed against 
the need to protect the head. 
3.4 Specifications 
The team determined many specifications for the headgear so that it may be tested using these 
determined standards. The first is that the design must weigh less the 5 oz. Past headgears have 
shown to weight a significant amount which can interfere with the game of the soccer player. 
Five ounces is light enough so that there are minimal amounts of excess strain on the player. The 
next specification was the diameter of the headgear. The range of the inner diameter must meet 
the standards for head sizes, the minimum being 51.0 cm and the maximum of 62.0 cm (“North 
Sports Helmet Charts” 2011) By having this range, the headgear can claim “one size fits all” and 
be adjustable to different head sizes.  Additionally, the headgear should not interfere with the 
visual field of the player so the headgear does not interfere with the game.  
 
In determining the thermal regulating specifications for the headgear, the temperature of the head 
had to be considered.  The average temperature of the body at rest is 37°C. The body temperature 
increases to 38°C during exercise at which it starts to sweat. The headgear must not result in a 
body temperature higher than 38°C (Fitness 2009).  
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The durability specification is that the headgear must last at least one season during normal 
soccer play. This specification ensures that the player would not have to buy this headgear after 
every single game. The final prototype should not cost more than $200.00 and the final design 
should not cost more than $50.00 each. The fifty-dollar marketing price is average for the current 
product on the market ("F90 Premier HeadGuard" 2011). Therefore, to stay competitive and to 
be cost effective for the user, the final price needs to be similar or lower.  
 
The last major specification for the headgear was to reduce accelerations to decrease the 
probability of concussion. According to Zhang, 82g linearly would produce a 50% chance of 
concussion, and 66g linearly was found to have a 25% probability of concussion (Zhang et al. 
2004). Therefore, the team determined that the headgear must decrease linear accelerations by 
20% to decrease the probability of concussion by 25% (Zhang et al. 2004). This calculation was 
determined by taking the percent change from 82g to 66g. 
3.5 Constraints 
The potential design is limited due to some constraints. The headgear must first follow both 
National Collegiate Athletic Association (NCAA) and United States Youth Soccer (USYS) 
requirements and regulations. One such regulation is that no metal or foreign material can 
protrude from the headgear. Rule 4 of NCAA article requirements states “Headgear, headbands 
and hats (goalkeepers only) are legal providing they are not considered dangerous to any player” 
(McCrath 2011). Additionally, it must not interfere with other athletes and affect their game. The 
referee has the ability to prohibit the headgear if felt it does not follow these requirements. It was 
important for the team to follow these regulations so that the design can be used during the game. 
Biocompatibilty was also taken into consideration as a constraint. It must not irritate the skin or 
result in a higher surface temperature potentially resulting in heat stroke. The final design was 
completed, prototyped and tested by April 19th, 2012 and stayed within the budget of $450.00. 
Of this $450.00, $200.00 was allotted to the final prototype design. 
3.6 Revised Client Statement   
With the objectives determined, the revised client statement is as follows: due to the increase in 
the number of concussions in college soccer athletes, there is a need to design a headgear that 
will reduce the accelerations associated with concussions. This headgear must be safe and 
reliable for the user, following both NCAA and USYS regulations. At the same time, it must be 
marketable and manufacturable. Design considerations must include thermal regulation, cost, 
and adaptability while not limiting the users’ mobility during the game. 
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Chapter 4: Methodology 
In this chapter, the team will discuss the alternative designs and how they were determined based 
on the objectives, constraints, functions and specifications of the design. The team then used 
different decision and evaluation matrices to determine the final design. The team also discussed 
the testing procedures used to ensure that the headgear was effective and fulfilled all its 
functions. 
4.1 Conceptual Design 
4.1.1. Needs Analysis 
Due to the negative effects of concussions on athletes, designing an effective headgear for soccer 
is essential. This headgear was catered towards college level athletes and acts as a preventative 
measure against concussions. The headgear attenuates concussion-causing acceleration so that 
the head is not as adversely affected. It addresses issues that have not been directly considered by 
other competing products, such as thermal regulation and adjustability.  
4.1.2. Preliminary Design Alternatives 
The team used a morphological chart to determine the design alternatives based on the 
conceptual design (Table 7). In this chart, the team brainstormed about different ways to 
accomplish the functions. 
 
Table 7: Morphological chart 
 Means 1 Means 2 Means 3 Means 4 Means 5 
Reduces 
concussion-
causing 
accelerations 
Shell-on-
shell 
Non-
recoverable 
foam 
Recoverable 
foam 
Gel Neck 
bracing 
Adjusts to 
different 
adult head 
sizes 
Velcro Buttons Elastic Bands Hooks and 
loops 
 
Minimize the 
heat trapped 
by the 
headgear 
Wicking 
material 
Material with 
high thermal 
conductivity 
Minimal 
amount of 
covered surface 
are on the head 
  
 
Table 7 was used to create the six alternative designs described in the following sections. The 
specifics of each design, such as the type of foam used, or the type of wicking material used, 
were determined after testing is done on each material. These designs are focused on the general 
structure that will help keep the head safe from concussion-causing accelerations. All of the 
designs may not address all the different specifications, so the team chose a design that best 
fulfilled all the needed criteria. 
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4.1.2.1. Design Alternative # 1 
This design alternative (Figure 9) would cover the areas of the head where the soccer ball hit 
most frequently. The design would include recoverable foam. There would be an ear loop that 
would attach to the headgear to keep it in place. This ear loop would be made of soft foam so 
that it does not cause rashes for the player or injury to the ear.  Additionally, an elastic band 
across the forehead would allow the headgear to be more adjustable. Due to the minimal use of 
the material, the flow of air would be maximized to help dissipate the heat trapped by the 
headgear. The entire headgear would be made of a wicking material that will help regulate the 
sweat.  
 
   
Figure 9: Design Alterative 1 
 
4.1.2.2. Design Alternative # 2 
Figure 10 portrays a design in which the entire head would be covered with a gel or recoverable 
foam cap. This cap would help reduce the accelerations on any side of the head so that the player 
could be hit at any angle and still be protected. There would be a strap underneath the chin to 
hold the headgear in place. One of the limitations to this design was that the headgear would not 
help thermally regulate the head.  
 
   
Figure 10: Design Alterative 2 
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4.1.2.3. Design Alternative # 3 
In this design (Figure 11), the headgear would cover the entire head, from the forehead to the 
neck hairline and from one ear to the other. It would have pockets in which non-recoverable 
foam could be inserted. The inserts could be removed when the foam had lost its integrity. The 
design would also include an adjustable Velcro strap and air slits that would promote 
convectional air flow. In addition, the design would include wicking material between the foam 
inserts to enable better thermal regulation. In summary, this headgear would have a similar 
structure to that of a bicycle helmet.  
 
  
Figure 11: Design Alterative 3 
 
4.1.2.4. Design Alternative # 4 
This alternative design was specifically designed for aesthetics (Figure 12). It focused on the 
idea of a bandana that would hide the fact that it is a headgear. It would have foam inserts similar 
to Design Alternative # 3 to make sure that the most vulnerable parts of the head are covered 
with recoverable foam. The headgear would have any type of adjustment in the back. The areas 
that were not covered with foam would be a wicking material that would help regulate the 
temperature. 
  
Figure 12: Design Alterative 4 
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4.1.2.5. Design Alternative # 5 
This design covered the crucial parts of the head using non-recoverable foam (Figure 13). Since 
it had foam on the forehead, it could help reduce the accelerations caused by forehead to ball 
collisions for an athlete who has already had a concussion. The darkened portions of Figure 13 
represent elastic bands that would allow for adjustability. There was also a wicking material that 
would help with the thermal regulation and sweat wicking. 
 
  
 
Figure 13: Design Alterative 5 
 
4.1.2.6. Design Alternative # 6 
One of the main causes of concussion is rotational accelerations, and this headgear was designed 
to address this issue (Figure 14). It would have a neck support that would conform to the head 
and neck so that the neck can be stabilized. The headgear that goes around the circumference of 
the head would still protect the vulnerable areas on the head and would be similar to Design 
Alternative # 1.  
 
   
Figure 14: Design Alterative 6 
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4.1.2. Choosing a design 
To determine the final design the team used a numerical evaluation matrix (Table 8).  The top 
half of the matrix represents the constraints. If a design did not meet any of the three constraints 
then it received an “X”. For the six designs, all the constraints were met, which then allowed 
them to be evaluated in terms of meeting objectives (the lower have of the matrix). Starting at the 
most important objective, “Prevents concussion causing forces” the weight was given a 1.0 being 
the highest weight it could receive. The second highest-ranking objective received a 0.9 and the 
pattern continued downward decreasing at a constant rate of 0.1.  
 
Table 8: Numerical Evaluation Matrix 
 
 
The project team graded the designs by how well they met the specific objective. If the design 
did not meet the objective, it received a score of 0. If it somewhat fulfilled the objective, it 
received a score between 1 and 50. If the design met the objective, it received a score between 51 
and 100. The ranking was at the teams discretion based on a discussion. When all the designs 
were graded by their capability to meet the objective, the weight was then multiplied by the 
grading for each design. For example: If thermal regulation received a 0.9 grading and for design 
1 it scored a 90 in terms of how well the design met the objective, the final score was an 81. The 
final scores were calculated for each design and then totaled. This numerical evaluation matrix 
technique found that design three and design one had the highest total scores (451 and 445 
respectively). The team utilized design one due to its comparability to current products on the 
market. 
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4.2 Final Design Description 
The team used SolidWorks to create and develop the final design of the headgear.  This design 
was developed using the concepts outlined within the design alternatives, and it can be viewed 
below in Figure 15 and Figure 16. The final design and model includes surface texture and 
placement of materials such as elastic bands (not included in the SolidWorks design). 
 
Figure 15: Isometric View of Headgear 
 
Figure 16: Trimetric View of the Back of the Headgear 
 
This headgear featured several innovative aspects. The design’s general structure covered a 
minimal amount of the head’s surface which would maximize the thermal loss during soccer 
play. It also had impact protection in other areas of the head (besides the top of the head), 
because these are common areas of hard surface impact to the head.   
 
This headgear provides little coverage over the forehead. This was to eliminate the interference 
of the headgear on the user’s ball handling, as well as to increase the thermal losses.  The band 
that was positioned along the top of the forehead was elastic to hold the rest of the headgear in 
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place on the head. This design was different than the products that are currently on the market 
because it did not include foam on the forehead. The team believed that the market would be 
more receptive to this product because of its decreased game interference. This design 
incorporated elastic to also maximize the adjustability and comfort of the product. 
 
The group focused much of the research on the impact protection materials within the final 
design. This aspect relates specifically to the most important objective of this design. The team 
tested different foams to determine which should be used and the ideal thickness.  
4.3 Construction and Testing Procedures 
In this section, the team explored the different testing procedures needed to make sure that the 
headgear was effective and followed the specifications. Firstly, the team conducted tests on 
individual parts of the headgear to choose the best material. For example, the team tested 
different foams to choose the one that attenuated the most force while maintaining small 
thicknesses. Once the preliminary feasibility studies were conducted, the team built the prototype 
and tested the entire design for efficacy.  
4.3.1 Material Selection 
4.3.1.1 Testing Foam Shock Attenuation of foam materials 
One of the major challenges of designing an effective headgear was choosing the foam that 
fulfilled the functions and specifications. Impact energy and maximum loads were factors that 
were considered to determine if the materials attenuated force. The ASTM Standard F41614- 99 
was used as a general guideline and modified to the project’s needs.  
 
The team used an Instron Dynatup 8254 at the Impact Test lab in Kaven Hall at WPI for this test, 
as well as the corresponding software (Figure 17).  
 
 
Figure 17:  Instron Dynatup 8254 
 
To utilize this machine properly, the team created 15.2 cm by 20.3 cm (6 by 8 inch) samples of 
each material for impact testing.  The materials used were Poron XRD by Rogers Corporation, 
and Impaxx by Dow Automotive, compared against a stainless steel control.  For both materials 
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used, the team tested ¼, !, and ½ thicknesses. The selection of force-dissipating materials was 
initially determined by product searches. This was then narrowed down according to constraints 
such as availability, time, and cost.  For example, Poron XRD provided free samples in a timely 
fashion; however, Deflexion by Dow Jones, which was another material selected by the team, 
was not available as a free sample.   
 
An essential aspect of this system was the tup, or the piece that made impact with the material 
during the test.  For the team’s test, the Instron was equipped with a 1” diameter steel cylinder 
tup with a 0.5” radius ball end. The entire drop system weighed 6.18 Kg (13.6 lbs). The force 
transducer was included between the tup and the drop system, and was used to determine forces 
as the system changed with time. 
 
The team carried out the following procedure:   
1) Attached the tup to the Instron Dynatup 8254  
2) Loaded material sample at bottom of system 
3) Secured sample at a fixed location using double-sided duct tape 
4) Released the drop system from 2.5” above the bottom of the material 
5) Recorded and collected data from the corresponding computer system 
6) Waited 30 seconds to allow the material to recover, reset drop system during this time 
7) Repeated steps 4 and 5 for 5 total trials  
8) Removed sample and note any unusual damage 
9) Repeated steps 2-7 for each material sample 
 
4.3.1.2 Testing Wicking and Evaporation Properties of Construction Material 
For a material to have wicking properties, it must absorb or draw off a liquid by capillary action 
followed by rapid evaporation of the liquid (Leisen 2010). The main purpose of testing the 
evaporation of the material was to be sure that the material continually absorbed the sweat from 
the player’s body. Water was used to replicate perspiration. Capilene by Patagonia and 100% 
cotton were the two materials tested. Each material was first weighed to determine initial mass 
and then was subjected to complete water saturation. It was then weighed to determine the 
amount of water absorbed by the material. At time intervals 0, 5, 10, and 15 minutes, the weight 
was recorded to measure the change due to evaporation.  
4.3.2 Headgear Construction 
After conducting the material testing for the foam and the construction material, the team used 
the Poron !” thickness foam and the Patagonia Capilene to construct the working prototype. 
Figure 18 shows the side view of the constructed headgear. 
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Figure 18: Constructed Headgear 
 
The dimensions of the headgear can be seen in Figure 19 below.   
 
 
Figure 19: Poron Dimensions for Prototype 
4.3.3 Experimentation for Constructed Design 
4.3.4.1 Swinging Arm Crash Testing  
To measure accelerations that the headgear can reduce, the team used technology available at the 
Connecticut Science Museum at Hartford, Connecticut. The Sports Exhibit’s Helmet Crash Test 
machine implemented a swinging 5 kg weight that crashed into a dummy head model. The 
weight was swung from 0.15, 0.31, 0.46, 0.76, 1.1, 1.4 m (0.5, 1.0, 1.5, 2.5, 3.5 and 4.5 ft). The 
head model measured the accelerations with an ADXL193 accelerometer (Model AD22283-B-
R2: Single axis, High-g, iMEMS® Accelerometer) and output the accelerations measured in g’s. 
For this series of tests, the swinging arm was crashed into the bare dummy head model at all 
heights.  The headgear design was then placed on the head form, and the same series of crashes 
Poron XRD !”  
thickness foam 
Elastic 
underneath the 
Capeline 
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were implemented. As a comparative study, a Gilbert Rugby head guard model H1175039 and 
an Everlast Boxing helmet were also tested for the same series of crashes. 
 
 
Figure 20: Crash Test Apparatus 
 
4.3.4.2 Acceleration Ramp Testing  
To test the prototype, the team used ASTM standard 2439 as a guideline. A ramp drop system 
was constructed to guide a head form to collide with another head form at approximately 3.8 m/s 
± 15 %. This ramp was built at the angle of 36 degrees from the ground. Kinematics equations 
found in Figure 21 effectively show the calculations for the theoretical length needed to bring a 
cart to the required velocity at impact.  
 
 
Figure 21: Kinematics Equations to Determine Ramp Length 
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The falling head form was attached to a cart that weighed 7.48 kg (16.5 lbs).  The stationary head 
weighed approximately 3.6 kg (8 lbs). The moving cart system was expected to produce an 
approximate momentum of 28.4 kg*m/s. The momentum was calculated by multiplying the 
velocity (3.8 m/s) by the mass (7.48 kg), which is equivalent to two and a half times the 
momentum of a size 5 soccer ball weighing approximately 425 grams and traveling at a 
maximum speed of 23 m/s (note: the momentum of a soccer ball is 9.78 kg*m/s).  
 
To better simulate the hardness of a head, Styrofoam head forms were first painted with five 
layers of white paint. Then three layers of polyurethane spray were applied. Once dry, the head 
was cut along the axial plane that intersected the location of a 50th percentile male head center of 
gravity.  After hollowing out the heads, they were then filled to create a center of gravity that 
was approximately similar to the 50th percentile male.  For that instance, the center of gravity 
was 62% from the top of the head, middle of the head on the coronal plane, and 5% from the 
middle of the head along the sagittal plane. The center of gravity was calculated to be at 12.7 cm 
(5.0 inches) from the top and 7.87 cm (3.1 inches) from the front of the head. For the stationary 
head, accelerometers were placed as close to the center of gravity as possible.  These 
accelerometers were uniaxial Analog Digital XL001-70 accelerometers, with a range of ± 70g 
and a 32 kHz maximum response rate. One accelerometer measured through the nose and out the 
back of the head (y axis), and the other measured from one side of the head to the other (x axis).  
 
The team performed the test using the following procedures: 
1. Secured a head form to the cart on the ramp system, and another to the ground at the base 
of the ramp (Figure 22). 
 
Figure 22: Constructed Ramp and Cart 
 
2. Marked the impact area on the head forms  
3. Set up the accelerometers to draw power from the Measurements Group - Instruments 
Division 2310 Signal Conditioning Amplifier 
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4. Set up the accelerometers to output their data to the National Instruments USB 6229 Data 
Acquisition tool (Figure 23) 
 
 
Figure 23: Wiring for Power and Output 
 
Below is the wiring diagram for the accelerometers. 
 
 
Figure 24: Basic Wiring Diagram 
 
5. Installed the DAQ Assistant within Labview, and use the following program to write to a 
file.  Recorded data at a sampling rate of 10 kHz. Zeroed the output voltage by 
subtracting 2.4 volts from the signal.  The technical specifications showed that the output 
voltage at 0g should have been 2.5 volts; however, the actual signal constantly output at 
2.4 volts at 0 g.  Then converted the signal tog by multiplying the calibrated signal by 
41.3 g/volt, as shown in the accelerometer technical specification sheet  
6. Turned on power supply, and ran the Labview VI, as shown in Figure 25 
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Figure 25: Labview Block Diagram 
 
7. Performed the drop test at least three times from a height of 1.68 m (5.5 ft) up the ramp 
8. Placed headgear on head form  
9. Performed at least three more drop tests from the same height 
10. Measured peak accelerations over time using constructed VI on Labview 
11. Placed headgear on both headforms, and performed the test from 1.68 m (5.5 ft) for 
another three trials 
4.3.4 Design Validation and Review  
To achieve validation of the headgear in terms of it being comfortable, adjustable, and for it to 
not insulate the head, the team conducted survey-based tests on soccer athletes (approved by the 
Institutional Review Board – IRB).  Comfort and fit of the team’s soccer headgear was surveyed 
before and after a subject underwent exercise with the headgear on.  Thermal readings were 
taken both with and without the headgear on; readings were also taken with the body at rest and 
after the body underwent exercise.  All temperature readings were taken with an infrared scanner 
(FLIR i7 system) obtained from Professor Fred Looft at Worcester Polytechnic Institute. The 
recorded values were used to validate the design to specifications and to provide areas of future 
improvements. 
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The test group was comprised of 3 female and 5 male soccer players. The players ranged 
between the ages of 18 to 22 years. All subjects had prior competitive soccer playing experience 
of seven years minimum.  The test procedure began by providing a number for each subject to 
ensure that their identity was concealed. The subject then filled out the first part of the survey. 
The intention of this questionnaire was to allow the researchers to analyze the comfort, 
adjustability, and thermal data without knowing the identity of the individual. This survey can be 
seen Appendix D: IRB Survey Questions.  
 
The first test was used to create a baseline.  While the subject was at rest, an infrared scanner 
was used to record a temperature reading on the subject’s head and neck, which are the areas 
most covered by the headgear.  The subject was then asked to jog on an indoor track at a 
comfortable pace for 3 minutes.  Recognizing that each subject has a different jogging pace, the 
team did not use a set distance to run. The purpose of this was to elevate the temperature to 
simulate regular soccer play. Afterwards, temperature reading of the head and neck were taken.  
 
The headgear was placed on the participant after the subject’s body temperature was allowed to 
return back to normal. The subjects then answered the second part of the survey, which assessed 
comfort, adjustability, and the design of the device. For instance, the subject was asked to rank 
comfort on a scale of 1 – 10, with 10 being the most comfortable.  The subject was also asked to 
identify areas that were particularly uncomfortable, as well as areas that were particularly 
comfortable.  
 
In the third part of the test, the infrared scanner was used to record temperature readings of the 
subject’s head and neck under normal conditions with the headgear on.  The subject was then 
asked to jog for 3 minutes to increase body temperature.  Using the infrared scanner, the team 
read the subject’s head and neck temperature before and after the headgear was removed.  These 
results were then compared to the results of the first test. The final survey test contained 
questions pertaining to the comfort and adjustability of the headgear when the subject was at a 
higher temperature and perspiring.   
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Chapter 5: Results and Discussion  
5.1 Foam Shock Attenuation 
A summary of the results from the material impact testing can be seen below (Table 9).  The 
team analyzed the graph of load over time to generate values for average impulses and maximum 
loads.  Impulse data was calculated by taking the area under the load vs. time curve. The team 
used an excel formula that created a linear regression model between time intervals and their 
respective loads, and then geometrically calculated the area under the straight line of that time 
period. Each area was summed to create the total impulse of the curve. Impulse is the change in 
momentum of a system, based upon the integral of the load vs. time curve.  The team sought for 
a material with a lower impulse so that the most momentum during collisions would not be 
transferred to the head.  Large peak loads, combined with short time periods, are the cause of 
higher acceleration situations.  Therefore, the team selected material and material thickness by 
analyzing impulse, peak loads, and length of collision.  The team was searching for a material 
with low impulse and peak load, as well as longer duration of collision. For the material, tests 
consisted of five impacts (each impact was a trial). However, for the Impaxx, each trial could 
only be completed once because the material failed structurally after one impact. For Poron, the 
trials were consistent from test to test, but they differed greatly from the first trial to the last trial 
in a test. 
 
Table 9: Material Impact Results 
Sample Impulses (N*s) Peak Load (N) Length of Collisions (ms)* 
Stainless Trial 1 12600 14600 2 
Steel Plate Trial 2 12600 14800 2 
  Average  12600 ± 43 14700 ± 118 2 
1/4 Poron  Tests 1 7070 ± 291 4110 ± 352 4 
  Tests 2 7110 ± 281 4000 ± 305 4 
  Average  7090 ± 270 4060 ± 305 4 
3/8 Poron Tests 1 5470 ± 456 2700 ± 357 5 
  Tests 2 5540 ± 437 2640 ± 360 5 
  Average  5500 ± 423 2670 ± 339 5 
1/2 Poron Tests 1 5970 ± 821 541 ± 33 20 
  Tests 2 5960  ± 766 580  ± 72 20 
  Average  5970 ± 750 560 ± 58 20 
1/4 Impaxx Trial 1 11500 10400 2 
  Trial 2 11430 10645 2 
  Average  11500 ± 58 10500 ± 168 2 
3/8 Impaxx Trial 1 10286 8076 4 
  Trial 2 10472 8606 4 
  Average  10400 ± 131 8340 ± 375 4 
1/2 Impaxx Trial 1 4870 1140 10 
  Trial 2 4980 1160 10 
  Average  4920 ± 78 1150 ± 16.1 10 
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The stainless steel control, as seen in Figure 26, showed an impulse of 12,600 ± 43 N*s and a 
peak load of 14,700 ± 118 N. These values were the highest impulses and peak loads when 
compared with the material samples. The length of collision was 2 milliseconds. 
 
 
Figure 26: Force vs. Time of the Stainless Steel Plate (control) 
 
The ¼ inch Poron had the highest loads of the Poron material, with the average for the first test 
as 4110 ± 352 N and the average for the second test as 4000 ± 305 N (Figure 27). The average of 
the two tests, 4060 ± 305 N, was a 72.4% decrease when compared with the control.  In addition, 
the length of the collision (2 ms) was the shortest out of all of the Poron tests.   The average 
impulse of this test was 7090 ± 270 N*s, which was significantly more than the other Poron 
thicknesses.  Overall, the team determined that the ¼ inch thickness did not significantly 
lengthen the time of impact, but it did decrease the peak impact load and impulse of the system 
by 72% and 44%, respectively, when compared with the control.  
   
 
 
A 
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Figure 27: Poron 1/4 inch: A - Test 1; B - Test 2 
 
The ! inch Poron impact tests produced more valuable results than the ¼ inch Poron.  The 
maximum loads found in these tests were 2700 ± 357 N and 2640 ± 360 N for tests 1 and 2 
(Figure 28).  The time of collision for this test was lengthened from about 2 ms to approximately 
5 ms when compared to the control.  Additionally, the impulse of these tests decreased to 5500 ± 
423 N*s, which is 56% less than the control.  The team also determined that this thickness 
decreased the maximum load by 82% when compared with the control. In addition, the team 
predicted that this thickness would not hinder game play, nor would it increase heat retention of 
the headgear significantly.  
B 
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Figure 28: Poron 3/8 inch: A - Test 1; B - Test 2 
 
The ½ inch Poron tests proved to produce the best results in dissipating the force of the drop 
system.  As can be seen in Figure 29, the maximum loads for both tests were 541 ± 33 N and 580 
± 72 N.  The length of impact for the collision increased to approximately 20 ms, which was an 
18 ms increase from the control.  The average impulse was 5970 ± 750 N*s, which was a 53% 
decrease when compared to the control.  This was expected due to the extended period over 
which the force was applied.  While the ½ inch thick Poron performed the best due to the 
decreased maximum loads (96% decrease when compared with the control), this thickness was 
determined to be too cumbersome during game play.  The team also estimated that the extra 
thickness would negatively affect comfort of the headgear during exercise. 
A 
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Figure 29: Poron 1/2 inch: A - Test 1; B - Test 2 
 
Six trials were performed on the Impaxx material; two tests on each thickness - ¼ inch, !"#$%& 
and ½ inch thickness.  The maximum loads, as shown in Figure 30, Figure 31 and Figure 32 
below, were significantly larger when compared to the Poron material.  For the ¼ inch Impaxx, 
the maximum loads were 10410 N and 10640 N.  For the !"#$%&"'()*++," -&."(*+#(/("01*23"
were 8080 N and 8610 N.  The ½ inch Impaxx maximum loads were 1140 N and 1160 N. These 
loads were also applied over an approximate duration of 2.0 to 3.5 ms.  The impulse of the two 
tests were 11500 ± 59 N*s, 10400 ± 131 N*s, and 4920 ± 78 for the ¼, !,"4" #$%&" '()*++"
respectively.  Additionally, these tests were destructive to the material because Impaxx is a non-
recoverable, closed-celled foam.  The team quickly eliminated Impaxx because it would fail 
during play, and would need to be replaced after any collision.   
A 
B 
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Figure 30: Impaxx 1/4 inch Tests 
 
 
Figure 31: Impaxx 3/8 inch Tests 
 
 
Figure 32: Impaxx 1/2 inch Trials 
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Considering the average maximum peaks for trials, the overall impulse of the impact, and the 
design considerations of the headgear design, the team selected the ! inch Poron XRD. 
5.2 Wicking Material  
To determine the fabric saturation level and evaporation speed, two 5.08 cm by 10.16 cm (2 inch 
by 4 inch) samples were used. The first sample was a section of 100% cotton and the second 
sample was of a Patagonia Capilene silk weight stretch material. As Table 10 shows, the 
evaporation rate of the cotton material was 0.0226 g/min while the evaporation rate of the 
Capilene was 0.0274 g/min. The Capilene material had a faster evaporation rate by 0.0048 g/min. 
For a soccer player that is rigorously exercising, perspiration will be a factor in their play. The 
headgear design needed a material with good capillary action and a faster evaporation rate 
compared to the common cotton material. The Capilene proved to do this. Additionally the 
complete saturation level weight (Time = 0 min) was substantially lighter than that of cotton 
(4.035 g Capilene compared to 7.961 g cotton). The Patagonia Capilene will help the headgear 
stay light even when it encounters sweat.  
 
Table 10: Cotton and Capilene Evaporation Rate 
 100%  Cotton (g) Patagonia Capilene (g) 
Initial Mass 2.252 1.585 
Time = 0min 7.961 4.035 
Time = 5min 7.956 3.784 
Time = 10min 7.777 3.677 
Time = 15min 7.616 3.507 
Time = 20min 7.506 3.389 
Evaporation Rate (g/min) 0.0226 0.0274 
 
5.3 Swinging Arm Crash Analysis  
From the data presented in Table 11, several observations can be made. From the series of tests, 
the soccer headgear did not make an observable difference in accelerations at height intervals of 
0.15, 0.30, and 0.46 m (0.5, 1.0, and 1.5ft). The remaining heights experienced noticeable 
attenuation differences. The average g measurement from 1.37 meters (4.5 ft) of the control tests 
was 51g. While the headgear was on the head form, the average 1.37 meter measurement was 
44g. This is a 7.0g difference in acceleration.  
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Table 11: Linear Accelerations (g) 
  0.5 ft 1.0 ft 1.5 ft 2.5 ft 3.5 ft 4.5 ft 
Control 5 15 20 27 41 51 
  5 14 21 31 40 51 
  6 15 21 29 54 50 
AVERAGE  5±1 15±1 20±1 29±2 45±8 51±1 
Headgear  9 15 21 25 35 44 
  7 12 21 26 36 43 
  6 14 19 26 36 44 
AVERAGE  7±2 14±2 20±1 26±1 36±1 44±1 
Rugby(Gilbert)       28 36 47 
H1175039       29 35 47 
        27 35 45 
AVERAGE       28±1 35±1 47±1 
Boxing 
(Everlast)       23 32 41 
        24 33 41 
        24 31 39 
AVERAGE       24±1 32±1 40±1 
 
The headgear design also proved to perform better than the rugby head guard by 3 ± 1g. The 
soccer headgear did not attenuate as well as the boxing helmet, which had an average 1.37 m (4.5 
ft) measurement of 40 ± 1g (3 ± 1g lower than the soccer headgear design). The boxing helmet 
was several inches thick which would interfere with play if worn by a soccer athlete. Therefore, 
the data from the boxing head guard is not fully comparable because the thicknesses were not 
consistent between samples. The closest comparison can be made between the rugby headguard 
and the soccer headgear design since they serve similar functions and are of approximately the 
same thickness. The average acceleration at 1.37 m (4.5 ft) for rugby headguard was 47 ± 1g, 
whereas the soccer headgear experienced 44 ± 1g, showing that the headgear reduced more 
acceleration. The averages for each gravity measurement for the height intervals are shown 
below (Figure 33). 
 
 
Figure 33: Acceleration vs. Distance 
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5.4 Acceleration Ramp Testing 
The headform was dropped at the height of 1.68 m (5.5 ft) to reach a velocity of 3.8 m/s ± 15%. 
Videos of the drop were analyzed using the frame rate and distance traveled between frames to 
verify the velocity at the time of collision. The specific camera used to record the videos of the 
drop test was a Canon SX30IS, which has a video frame rate of 30 frames per second.  The team 
estimated that the cart traveled approximately 13 cm (5.12 inches) between the last two frames 
before the collision.  This then meant that the cart had been traveling at about 3.9 m/s, which is 
within the 15% allowable variation.   
 
Within each trial, an X and Y acceleration was recorded from the accelerometers in the 
stationary headform. The X direction was along the coronal plane, and the Y direction was along 
the sagittal plane.  These graphs below show the data as it was recorded (at 10 kHz).  The high 
collection rate meant that noise was prevalent throughout the data; however, the team only 
selected maximum loads that were outside the range of ± 4g.  Additionally, the peak must have 
several other data points near itself to be considered legitimate maximums.  
 
The first series of tests, as shown in Figure 34, represent the control data with no headgear. The 
peak X accelerations for the three trials were 12.96g, 5.51g, and 6.88g. The average for these 
accelerations was 8.45 ± 3.96g. The peak Y accelerations for the first two trials were 15.63g and 
5.32g, which was an average of 10.48 ± 7.94g. The team determined that there was no distinctive 
Y acceleration peak for the third trial because the data experienced noise.  
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Figure 34: Acceleration vs. Time at 5.5ft (Control): A - Trial 1; B - Trial 2; C - Trial 3 
 
Figure 35 shows the accelerations recorded by the accelerometers from a height of 5.5 ft when 
the stationary head had the headgear on. The peak X accelerations for the three trials were 6.09g, 
5.98g, and 3.36g. The average of these accelerations was 5.14 ± 1.55g. The peak Y acceleration 
for the second trial was 8.44g. There was no substantial Y acceleration peak for the first and 
third trial.  
 
 
C 
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Figure 35: Acceleration vs. Time at 5.5ft (Headgear): A - Trial 1; B - Trial 2; C - Trial 3 
A 
B 
C 
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Figure 36 shows the accelerations recorded by the accelerometers from a height of 5.5 ft when 
the both the headforms wore a headgear. The peak X accelerations for the three trials were 7.77g, 
13.23g, and 8.88g. The average of these accelerations was 9.96 ± 2.89g. The peak Y acceleration 
for the three trials was 5.07g, 4.24g, and 4.14g. The average for these accelerations is 4.48 ± 
0.51g.  
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Figure 36: Acceleration vs. Time at 5.5 ft (Dual Headgears): A - Trial 1; B - Trial 2; C - Trial 3 
 
To analyze the results from the various trials, the team constructed a bar graph of all the X and Y 
acceleration peaks (Figure 37). The X accelerations decreased by 39.2% from the control to the 
headgear results. The accelerations increased by 17.9% from the control to the dual headgear due 
to an outlier of 13.23g. The outlier can be explained by contributing noise or the position of the 
accelerometer during the trial. When analyzing the Y accelerations, it was noted that as 
headgears were added to the headforms, the accelerations decreased. From the control to the 
headgear and dual headgears, the accelerations decreased by 19.4% and 57.2%, respectively. 
These results show that one single headgear can successfully decrease the chance of concussion, 
but if every player wore a headgear, the likelihood of a concussion would decrease even more. 
 
  
Figure 37: Peak Accelerations from 5.5ft 
 
C 
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The team proportionally calculated the probability of a concussion as if a head were subjected to 
an 82g acceleration, which would produce a 50% chance of concussion, as stated in Zhang’s 
concussion model.  They compared the data to 66g, which produces a 25% probability of 
concussion (Zhang, 2004). The team calculated that the headgear decreased the acceleration in 
the coronal plane from 82g to 49.90g, which reduced the chance of concussion from 50% to 
16.11g below the 25% threshold.  Accelerations were decreased from 82g to 66.10g along the 
sagittal plane, which decreased the probability of concussion from 50% to 0.11g above the 25% 
threshold.  Therefore, the team determined that the headgear decreased the chance of concussion 
by at least 25%. 
5.5 Design Validation and Review - Analysis 
The first part of the survey helped to evaluate fit.  Several comments about the fit included:  
! “Very comfortable * doesn’t move around too much” 
! “Fits a little loose” 
! “The headgear fits nicely on my head. The elastic is the right size”  
! “Fits pretty well on the most part”   
 
When asked to rate on a scale from 1-10, with 1 being the loosest and 10 being the tightest, the 
headgear scored an average of a 4.6 ± 1.0 before exercise and a 4.9 ± 1.0 after exercise. When 
analyzed using a root mean square approach, the team found that the headgear scored 0.9 points 
to ideal before exercise, and 0.9 away from ideal after exercise. 
 
A significant amount of comments in reference to comfort stated a need to address the design 
around the ears and neck.  In spite of these statements, the comfort scored an average of an 8.9 ± 
0.9 before exercise and a 7.6 ± 1.8 after exercise (on a scale from 1 to 10, with 10 being the most 
comfortable).  The survey also addressed the perceived head temperature.  On a scale from 1 to 
10, 1 being the most comfortable temperature and 10 being uncomfortably hot, the average score 
for the headgear was a 4.2 ± 2.3.   
 
Table 12: Quantitative Survey Data Analysis 
 
Before Exercise After Exercise 
Subject 
Comfort, 
from 1-10 
Fit, from 1-10 
(1 is too loose, 
10 is too tight) 
Comfort, 
from 1-10 
Fit, from 1-10 
(1 is too loose, 
10 is too tight) 
Perceived Head 
Temperature, 
from 1-10 
Female 1 10 3 10 5 2 
Female 2 9 5 8 5 7 
Female 3 10 5 10 5 1 
Male 1 8 6 7 7 4 
Male 2 8 5 7 5 6 
Male 3 10 4 6 4 2 
Male 4 8 5 5 5 6 
Male 5  9 4 8 4 7 
Averages 8.9 ± 0.9 4.6 ± 1.0 7.6 ± 1.8 4.9 ± 1.0 4.3 ± 2.3 
 
 53 
Data from the temperature recordings of the infrared scanner allowed the group to analyze 
change in temperature while using the headgear. An example of the readings can be seen in 
Figure 38.  
 
       
Figure 38: Infrared reading of Male 5 back and side view 
 
Table 13 and Table 14 show the change in temperature, per participant, when at rest (“Control”), 
after exercise without the headgear on and after exercising with the headgear on. At rest, the 
average temperature of the side of the head was 86.4 ± 4.5 °F (30.2 ± 2.5°C) versus the reading 
of 84.0 ± 9.8 °F (28.9 ± 5.5 °C) average for the back of the head. During normal exercise without 
the headgear, the temperature of the side of the head increased by 0.7 °F (0.4 °C) and the 
temperature of the back of the head decreased by 1.0 °F (0.6 °C). This decrease can be attributed 
to the large standard deviation. During exercise with the headgear on, the sides of the head 
increased by 3.6 °F (2.0 °C) from the control and the back of the head decreased by 3.5 °F (2.0 
°C). 
 
Table 13: Temperature of the Side of the Head during Rest and After Exercise 
Person  Control (°F) 
After Exercise (without 
Headgear) (°F) 
After Exercise (with 
headgear) (°F) 
Female 1 81.5 83.7 89.1 
Female 2 87.3 89.6 93.7 
Female 3 85.6 86 83.7 
Male 1 87.1 82.9 88.5 
Male 2 78.8 85.5 90.1 
Male 3 91.6 91 88 
Male 4 87.1 87.1 94.3 
Male 5 91.9 90.5 92.1 
Average 86.4 ± 4.5 87.0 ± 3.1 89.9 ± 3.5 
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Table 14: Temperature of the Back of the Head during Rest and After Exercise 
Person Control (°F) 
After Exercise (without 
Headgear) (°F) 
After Exercise (with 
headgear) (°F) 
Female 1 82.2 74.5 84 
Female 2 62.4 62.4 81 
Female 3 83.5 73.6 84.6 
Male 1 80.8 82.8 87.6 
Male 2 88.3 92.3 88.9 
Male 3 90.7 92.7 87.1 
Male 4 92.3 91.8 91.6 
Male 5 91.9 93.9 95.5 
Average 84.0 ± 9.8 83.0 ± 11.7 87.5 ± 4.6 
 
Additionally, data was taken on the change in surface temperature of the headgear, before and 
after exercise (Table 15). This data indicates that the surface of the side of the headgear 
increased by 2.82 °F (1.57 °C) as a result of exercise.  The back of the headgear is shown to 
increase by 0.76 °F (0.42 °C) due to exercise. 
 
Table 15: Surface Temperature of the side and back of the headgear before and after exercise 
  Side of the Headgear Back of the Headgear 
Person  
Before Exercise 
(°F) 
After Exercise 
(°F) 
Before Exercise 
(°F) 
After Exercise 
(°F) 
Female 1 76.5 83.7 83.8 80.4 
Female 2 81.5 80.8 78.1 73 
Female 3 76.8 84 75 73.8 
Male 1 76.3 83.8 77.7 77.9 
Male 2 80.2 83.3 78.3 84.7 
Male 3 87.3 82.2 80.1 80.4 
Male 4 81.9 82.4 83.5 78.8 
Male 5 78.6 81.5 78.8 80.2 
Average 79.9 ± 3.7 82.7 ± 1.2 79.4 ± 3.0 78.7 ± 3.8 
 
Based on these findings, the team determined that the headgear did result in the increase of heat 
retention on the head, but not to a harmful level. The headgear only increased the skin 
temperature by an average of 3.6 °F (2.0 °C); if compared proportionally to the body core 
temperature, it would not increase to a detrimental stage. Therefore, the team concluded that the 
headgear is safe during regular exercise. 
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Chapter 6: Conclusion 
Overall, the prototype developed by the team was a success. Based on the foam attenuation 
material testing conducted, it was determined that the !5"6171$"89:";*3"-&."<.3-"1)-#1$"=17" a 
soccer headgear design. The constructed headgear’s biomechanical properties reduced linear 
accelerations by an average of 39.2% along the coronal plane, and 19.4% along the sagittal 
plane, which significantly decreased the chance of concussion using a model proposed by Zhang 
(2004). The team proportionally calculated the probability of a concussion as if a head were 
subjected to an 82g acceleration, which would produce a 50% chance of concussion, as stated in 
Zhang’s concussion model. They compared the data to 66g, which produces a 25% probability of 
concussion (Zhang, 2004). The team calculated that the headgear decreased the acceleration in 
the coronal plane from 82g to 49.9g, which reduced the chance of concussion from 50% to 16.1g 
below the 25% threshold. Accelerations were decreased from 82g to 66.1g along the sagittal 
plane, which decreased the probability of concussion from 50% to 0.1g above the 25% threshold. 
Therefore, the team determined that the headgear decreased the chance of concussion by at least 
25% and met the team’s specifications. In comparing the soccer headgear design, it was found 
that the accelerations that were reduced proved to be equivalent to those of the Everlast rugby 
scrumcap. When compared to the competitor, Full90 Pro, which only reduced accelerations by 
3.54%, the team’s headgear reduced accelerations by an average of 29.30%. 
 
Head surface temperature was raised by an average of 3.6 °F (2.0 °C) after wearing the product 
during exercise. If compared proportionally to the body core temperature, the temperature would 
not be increased to a detrimental stage. Before exercise, comfort was scored at an average of an 
8.9 on a 10-point scale, with 10 being most comfortable. The score was decreased to a 7.6 after 
exercise. Fit was ranked 0.9 points away from ideal on a 10-point scale, using a Root-Mean-
Square analysis. The Root-Mean-Square was calculated to be 0.9 away from ideal after exercise. 
 
The final headgear design reduced accelerations better than the existing products on market and 
received positive feedback from users. All design features followed NCAA and USYS 
regulations while staying within the team’s $450 budget. Future recommendations for product 
development would be to conduct further testing. Suggestions include comparative studies with 
other soccer headgear and investigation into the usefulness of the headgear at higher linear and 
rotational acceleration ranges. 
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Chapter 7: Future Recommendations 
When re-evaluating the design and testing procedures for the headgear, the team has proposed a 
series of future recommendations. In regards to the material selection processes, a few changes 
are recommended. For both the wicking material selection and material impact testing it would 
be ideal to compare more products for a more concise selection. For the wicking material the 
selected product, Capilene, was only compared to cotton when testing evaporation rate and 
saturation level. When comparing force attenuation properties, the team’s procedure used Poron 
XRD and Impaxx foams as the only materials being tested against a control. With further 
research on materials currently being used for similar purposes, a wicking and/or foam sample 
may be found, which exerts better properties then what is currently used and proposed by the 
design. 
 
In reference to the headgear validation testing, further analysis could be conducted. First the 
team used a self-constructed headform model for testing. It is recommended for future research 
to use a Hybrid III head form as recommended from ASTM standards to allow for more accurate 
results. Secondly the team focused on linear acceleration when testing the final design. For future 
testing the design would need to be tested in regard to rotational accelerations, which have 
proven to play a large part in concussions. Thirdly, for analysis of the final headgear design a full 
comparative study against other current products would be ideal. Comparative research data was 
obtained through literature research for the Full 90 Pro soccer headgear design, but not re-tested 
during design validation. Other headgear designs on the market could be tested with the same 
platform as the teams design to further authenticate that the developed design can be the best on 
the market.  
 
From the feedback in the validation tests, comments showed that the fit for smaller heads was 
not as comfortable. For the future design, the team recommends that different size headgears can 
be manufactured to better suit the needs of the players. Another suggestion was to change the 
structure of the headgear by the ears so that the foam would be comfortable.  
 
Other considerations include cost and market analysis. Further research on cost for current 
models and a final quote for the teams design could be projected for future work. More analysis 
on the marketing aspect of the design could also be conducted. 
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Appendix A: Interviews with Stakeholder minutes 
A.1 Coach Malcolm Macpherson September 9th, 2011 
! Objective overview 
o First level 
! Effective he thought was most important 
o Second level ranking (most important to least) 
! Reliable/functional  
! Able to protect head 
! safe for user 
! safe for others 
o Safe for user level 
! equally important 
o Marketable  
! Low repair cost not much of an issue 
! Adjustable and light weight equally important and go under comfort 
! Add Washable 
! Macphersons overall favorite objectives 
o Functional, Comfort, Adjustable, Light Weight 
! Constraints 
o Must pass United States Youth Soccer regulations 
! Send email to Coach Macpherson about meeting with the team  
! Mostly a doctor orders players to wear headgear 
! Aesthetics- if a play won’t wear- they won’t buy 
 
WPI Soccer practice is 5pm so we would go at 4:30pm before hand  
A.2 Interview with F90 Headguard users: September 23th, 2011 
Review of the headgear: 
! Full90Pro 
o Not snug along the bottom of the headgear, but the top seems snug 
o REALLY hot, this is one of the biggest issues 
o They did mention that you can get used to it, and that they have ways to cool off 
if needed 
o NOT sweat wicking 
o Falls off in games 
o Only comes in two sizes 
o The heat causes you to sweat... thereby making the headgear much more 
susceptible to slipping 
! They have not attempted to wash them 
! They wear them every day for months 
o The material seems to stand up to wear and tear 
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! They feel safer to repeatedly head the ball during a game 
o One user mentioned that she “likes heading the ball” with the headgear on 
! Overall, feels like it is working 
 
Design Review: 
! US Patent 5930841 and more at full90.com 
! Complies to Fifa Law 4 
! Covers entire forehead, and follows the hairline above the ears and down to the nape of 
the neck 
! Does not cover the top of the head 
! Ridges along the forehead and along the temples to allow for heading and “flicking” with 
the head 
! The ear cut out is in a strange place 
! Along the side of the head, there are two straps. The top is attached with an elastic band 
to the back of the head, the bottom is adjustable by velcro (the “soft” side of the velcro is 
another elastic band). 
o The hard velcro bristles always catch the hair of the girls 
! Foam pockets are not replaceable. They appear to be closed cell foam because of density 
and little to no compression when a load is applied.   
! Seems to be a consistent problem with one side of the adjustable straps to not fall into 
place 
! Small hole for a pony tail, otherwise the girls hair just gets in the way 
o Important - No one on the guys team would wear it “No Way”.   
o After an adjustment period, the women felt completely comfortable with it. 
Actually, they think it looks intimidating and are used to it by now. 
A.3 Interview with the Women’s Soccer Team Captains: September 16th, 2011 
! Seems like the girls hate to wear the headgear 
! Needs to be washable 
! Extremely Thick 
! We heard “Looks Ridiculous” and “Looks So Ridiculous” several times 
! They hear complaints that its uncomfortable  
o Hot 
o Always needs to be adjusted 
o Interferes with the womens hair 
! Try to make it thinner 
o Possibly the thickness of the headgear is the biggest issue 
! The women who wear it appear to do anything not to wear it 
o The team makes them though 
! One of the user’s headgear does not fit poorly, it falls up and down often 
o She is constantly adjusting it 
o Changes the way you have to head the ball  
! Smaller window to the hit the ball with 
o (Headers are normally from eye brow to top of forehead) 
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! College athlete mentality 
o “You have to win” 
o Captains agree that they would rather not use their head if not needed 
o If unsure, they would not go for the header 
o They think about their nose or head having trauma 
o They are “going to school for their brain” so why risk it? 
! “Would the headgear cause you to take more risk?” 
o No, they would just be more comfortable to take risks that they already do, not 
that they want to go do riskier things 
! “You can beat the concussion test” 
o If hit in the head, the test just stays the same 
o People don’t fess up to having a concussion 
! Never seen a men’s soccer player wear one, and they are the ones at higher risk 
 
Question to interviewers... “What is our vision?” 
Unsure as of now, finding details 
Described the preliminary design 
Needs to be something that we would be willing to wear 
A.4 Interview with Dr. J. H. Stevenson September 16th, 2011 
! Overview of MQP  
! Physiology of Concussion  
o No one is 100% sure 
o Blow to head to functional impairment  
o Influx of CA+ 
o Blood flow to brain 
o Hyperbolic demand of brain not met 
o Concussion does not meet the brain 
o All research done on animal models  
o MRI to see how the brain functions 
o Effects concentration, sleep, mood, dizziness  
o Side effects last longer for those with learning disabilities, frequent migraines, 
disease, and depression 
o Might lose consciousness but most dont 
! Biomechanics  
o Look at senses in helmets to see the force, no real threshold to define concussion 
o Caused more by rotational force then linear (though linear can cause one)  
o No threshold is key 
o Tense neck muscles in preparation of ball which dissipates forces.  
o Not aware of any mechanical models 
! Just animal models  
! Scale for Measuring concussion 
o Assess symptoms  
! Physical Exam 
! Cognitive Exam (SCAT2) 
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! Balance is recorded in the cerebellum 
o Found that grading concussions does not help 
! Familiarity for headgear 
o Soft gear for soccer 
o Football and hockey helmets dont reduce concussion 
! Might bring on more confidence if it did 
o Revolutions helmet- Rydel Helmet 
! No clinical results found that actually reduce concussion  
o Has never prescribed to a soccer player 
o No data to support data for headgears 
o Systematic review for neurocognitive testing  
! heading does not cause concussion 
! Headgear Design 
o Protective, Compliance is important, if mandatory- they will wear it, must not 
interfere with vision, and heading is required  
o ! of offense in soccer - heading is needed 
o Must be light 
o Helmet and temperature  
! Biomaterial Recommendation 
o Foam doesnt protect 
o Slippery surface - prevent shear 
o concussion are mostly caused by head to head collision while 2 players go to head 
the ball at the same time 
o Force needs to be able to dissipate 
o Low coefficient of friction 
o Rebound effect 
o Airbags  
! His Soccer Experience 
o Per team - 1-2 concussions a season 
o NCAA sports medicine - find instance rate of concussion per sport - hybrid sports  
o Works with 5 universities, indirectly with 9 + UMASS Amherst 
! Resources  
o May Institute for Brain Injury - concussion work 
! Did a number of confrences  
o Beth Isreal - childrens concussion program 
! Other  
o Sensors 
o Decrease force and compare for people who do not have concussion 
o 105 degrees F and above is a heat stroke for core temperature 
! Find surface temperature that is dangerous  
o Sweat loss, evaporation, air flow 
o shell on shell concept 
! avoid force 
o bike helmets-  crush or move 
! Non recoverable polymers work better 
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A.5 Interview with Professor Satya Shivkumar October 1st, 2011 
! How much viscoelasticity do we want? 
o The higher the DOV, the more impact it will absorb 
o Need to be careful not to absorb too much otherwise won’t be able to head ball 
! Material to dissipate force 
! Want to be able to extract force 
o Too viscoelastic means no rebound 
o Full90 is a crosslinked closed cell polyethylene 
! Try Open Cell Polyurethane or Polyethylene 
o Drawback is that the rebound will not be as good 
! Non recoverable? 
o Can make foam that is very stiff by adjusting amounts of monomers 
! Back pressure is not as strong (very good positive) 
! Not able to absorb all the energy if stiffened 
! Softer PE, open cell 
! Silicon  
o Comes in many forms (gels, elastomers, adhesive etc) 
o All forms based off of the controlled amounts of monomers 
! To keep it simple, try different combos of PE 
o Back pressure is minimized 
o open cell vs closed cell is basically sponge vs styrofoam 
! Look into PE (Is PE supposed to be polyurethane? I think he said polyurethane not 
polyethylene) 
o PE - 100$ for a kit, Flynn Scientific for students 
o Silicon - $20, buy the self expanding foam used for insulation (premixed 
monomers), Home Depot would be a good place to get that 
o Both are lightweight and flexible 
! Need a mold though so we can check the different properties  
! To make a stiffer foam, simply add graphite powder (you can get from HD also, or from 
pencil lead) 
! All polymers have very low thermal conductivity 
o Open cells can possibly decrease 
o Carbon nanotubes can increase thermal conductivity but SUPER EXPENSIVE 
! Can use gels ---> but really needs to be crosslinked.   
o Hydrogels will collapse after a use 
o PVA, absorb all sweat but will fall apart 
o Sweat contains chlorine ions which would break the crosslinks 
! Gel but not hydrogel 
o Most of these are based off of chemicals that are dangerous for the skin/body 
! Styrofoam - Look into material analysis 
! Handbook of Foams - Clempriel (spelling?) 
! Cork - wood based foams, paper foams 
! University of Michigan website - Has a ton of stuff about wood based foams 
o Can be soft or hard depending on amount of crosslinking 
! Sweat wicking 
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o Open cell foams - GOOD for capillary action of sweat 
o Closed cell foams - BAD unless you drill tiny holes into it but that would defeat 
the purpose 
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Appendix B: Patents of Soccer Headgear 
Name Inventors Patent # Materials  Design Citation 
Soccer 
Headgear  
Calvin 
Williams 
6389608 
  
Polystyrene, 
synthetic rubber 
or polyurethane 
foam 
 
(Williams 
2002) 
Soccer Helmet Keith Nelson, 
Ronald Carter 
6339849 Closed cell 
polyolefin 
 
(Carter 
2002) 
Soccer 
Rearguard  
John Lampe, 
Robert Long, 
Kevin Fenton, 
George 
Halvorson 
5930841 “Flexible 
padded cover” 
 
(John 
Lampe 
2007) 
Protective 
helmet for 
active use by a 
wearer in a 
sports activity  
Donald W. 
Hirsh 
6065159 Soft nylon 
 
(Hirsh 2000) 
Protective 
headguard 
John Lampe, 
Robert Long,  
George 
Halvorson 
6381760 Open cell foam 
laminated in 
fabric  
 
(R. L. John 
Lampe 
2002) 
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Headguard-
protective 
sports 
headband 
John Lampe, 
Robert Long,  
George 
Halvorson 
6349416 Open cell foam  
 
(R. L. John 
Lampe, 
Headguard- 
protective 
sports 
headband 
2002) 
Bandana 
head-protector 
using fabric 
and closed-cell 
foam  
Karen J. 
Hirsch, 
Timothy 
Hirsch 
6247181 Closed cell foam  
 
(Hirsch 
2001) 
Soccer 
headband 
Donald R. 
Robertson 
5963989 Elastomeric pad 
 
(Robertson 
1999) 
Sports 
headband to 
reduce or 
prevent head 
injury 
Victor L. 
Domingos 
0251898  Cotton, rubber, 
nylon, elastic 
 
(Domingos 
2006) 
Apparatus for 
enhancing 
absorption 
and 
dissipation of 
impact forces 
for all 
headgear 
Carl Joel 
Abraham 
6272692 Shell covered 
pads  
 
(Abraham 
2001) 
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Appendix C: Annotated Bibliographies for Head Modeling 
C.1: Model 1 – Zhang, King and Albert 
Zhang, Liyang, King H. Yang, and Albert I. King. "A Proposed Injury Threshold for Mild 
Traumatic Brain Injury." Transactions of the ASME 126 (2004): 226-236. ASME. Web. 
10/7/2011.  
This article is by far the most helpful for the team’s project.  Standards at the time of publication 
for head protection were based upon the Gadd Severity Index  (GSI) and the Head Injury 
Criterion (HIC), both of which were determined using a tolerance curve.  This tolerance curve 
was based upon animal and cadaver testing.  This prove to be a good model for severe head 
injury but not for mild traumatic brain injury (mTBI).  
The model generated within this article is a Finite Element Model (FE model) of the skull and 
brain during a blunt-object blow to the head.  This was generated using injury and non-injury 
field data during football.  It is not taken from animal data that is scaled-up or non-injured 
volunteers.   
This article takes data collected on film during football play, and recreates the injurious and non-
injurious accidents within a laboratory.  Each is reconstructed using two Hybrid III dummy 
necks and heads, each wearing a football helmet and nine accelerometers to calculate the various 
rotational and linear accelerations.  These heads were then placed at the original angles from the 
real-life situation, and then a drop test was produced to recreate the results of the accident.  
Using the data collected from this accident recreation, a case by case analysis is carried out to 
determine major responses of the tissue.  To do this though, a FE model was created based upon 
the 50th percentile male.  Creating this model was merely adjusting a previous model created by 
the author to this percentile, and to “Improve mesh quality and material definitions adapted to the 
current application.”  (Zhang et al. 2004).  The model was then tested against cadavers and 
proven to be effective.   
The brain is modeled as inhomogeneous and anisotropic.  To include the inhomogeneous aspect 
of the brain, white tissue matter was modeled along with the gray tissue.  The white tissue had a 
shear modulus that was exactly 20% higher than that of the gray tissue.  The material properties 
of the brain are shown below. 
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Table D1: Material Properties used in the FEM (Zhang et al. 2004) 
 
The authors recreated this head model using the finite element analysis program called Pam-
Crash.  The responses of the brain during several loads were determined, such as the intracranial 
pressure and brain shear stress.  These responses were used to determine the injury severity.   
Average and peak head accelerations were calculated for rotational and linear cases.    For 
injurious cases, peak translational accelerations ranged from 61g – 144g with an average of 103 
± 30g.  Rotationally, the results ranged from 4168 rad/s2 – 12,832 rad/s2 with an average of 7354 
± 2897 rad/s2.   
For cases that were non injurious, peak linear accelerations were recorded from 32g – 102g with 
an average of 55 ± 21g.  For rotational, peak accelerations were recorded from 2087 rad/s2 – 
6265 rad/s2 with an average of 4204 ± 1411 rad/s2.   
The resulting shear and pressure that the brain underwent were also recorded.  The pressures 
recorded during this were significantly higher for the injury cases.  The pressures recorded were 
mostly due to linear accelerations, and the length of the pressure applied depended on the length 
of the hit.  The shear stresses calculated during this were highest most specifically around the 
midbrain and the thalamus.  The thalamus underwent a 4.0 shear stress maximum, but the 
midbrain was subjected to a much higher maximum of 9.0 kPa.  It was these stresses that appear 
to have the best predictor for concussion.  This was determined after various regression models 
of shear stress and pressure in relation to rotational and translational accelerations, respectively. 
The injury tolerance level as proposed by Zhang et al. is based mostly upon the pressures and 
stresses required to create a concussion.  The peak translational accelerations were found to be 
66, 82 and 106g for a 25%, 50% and 80% chance of causing a concussion.  The peak rotational 
accelerations were found to be 4600, 5900 and 7900 rad/s2 for a 25%, 50% and 80% chance of 
concussion.  Tolerances for these accelerations are much lower when in combination.   “If the 
head was exposed to a combined translational and rotational acceleration, with an impact 
duration of between 10 to 30 ms, the suggested tolerable reversible brain injury level was less 
than 85 G, for translational acceleration.  For rotational acceleration, it was less than 6.0 X 103 
rad/s2,” (Zhang et al. 2004) pg 234.   
A major shortcoming of this model is that the accelerations are based upon recreation of 
accidents using a drop test.  As a result, the exact path of impact could not be an exact replica of 
the original accident.  The second major pitfall for this is that the FEM used did not undergo as 
much validation as the author would have liked.  The final major pitfall is that the number of 
accident cases (24 cases) is limiting the data collection.  It also did not take into account that 
several of the accident cases may have undergone a previous concussion (thus making it much 
easier to concuss).   
C.2: Model 2 – Arakere, Grujicic and He 
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Arakere, G., M. Grujicic, and He, T. "Materials-Modeling and Structural-Mechanics 
Aspects of the Traumatic Brain Injury Problem." Multidiscipline Modeling in 
Materials and Structures 6.3 (2010): 335-63. Print.  
This article uses Finite Element Modeling to analyze the displacement of the skull and brain 
during shock wave propagation and blunt-object impact.  The von Mises stresses are investigated 
in relation to these parameters.  
The brain tissue is modeled as an isotropic, homogeneous material which is elastic under 
hydrostatic/volumetric response and visco-elastic under deviatoric/shear response.  Specific areas 
of the brain (CSF, small brain, brain stem, main brain and pituitary gland) are then given specific 
properties to create a proper model during mTBI.   
The skull material was modeled with much higher hydrostatic and deviatoric rigidity/stiffness 
than the brain. Specific properties were given for the skull.   
Using the finite element analysis, they created three situations to model the head.  The head is 
subjected to two blast impact situations and a final blunt-object impact.  For the team’s case, the 
blast impact situations do not relate.   
For the blunt-object impact, the head is subjected to a 5.0 m/s force along the left side of the 
head.  The findings are that positive pressures and von Mises stresses are found at their peak 
value on the site of impact.  These pressures and stresses continue into the cranial cavity, but do 
not reach the other side of the head in the same time period as the impact after the impact.  Also 
of note is that the von Mises stresses are nearly equal to those found in the blast impact.   
The authors suggested future work in creating a model which takes into account the microscopic 
anatomy of the brain, as this would help to establish factors for mTBI such as concussions.   
Overall, the results obtained were based upon pressure and shear causing waves.  The modeled 
situations all created complex wave propagation and reflection.  All of the situations did not 
seem to create peak pressures or von Mises stresses high enough to create a mTBI such as a 
concussion.  This obvious fallacy was due to the lack of knowledge on the intracranial matter 
(the five parts of the brain) and the microstructures in the cell and tissue formations.   
C.3: Model 3 – Akkas 
Akkas, Nuri. "Dynamic Analysis of a Fluid-Filled Spherical Sandwich Shell - A Model of 
the Human Head." Journal of Biomechanics 8.5 (1975): 275-84. Print.  
This specific model builds off of the previous models that view the head as an elastic spherical 
shell filled with an inviscid and compressible fluid.  The orginal model (Anzelius, 1943) 
modeled the skull as a rigid shell, when in actuality, the skull is an elastic shell.  A second model 
(Engin, 1969) introduced this concept of an elastic shell that is uniform thickness throughout.  
Thirdly, a model was created to show the changes in displacement of the brain under the same 
conditions, but with varying velocities (Engin and Roberts, 1970).  A fifth model discussed 
(Benedict, Harris and Rosenberg, 1970) uses a skull as a thin, homogeneous, isotropic elastic 
shell and the brain as an inviscid compressible fluid.  Finally, a model by Kenner and Goldsmith 
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(1972) is discussed that modeled an elastic shell filled with compressible, inviscid fluid subjected 
to finite duration, both empirically and theoretically.   
This model tackles the tough situation of modeling the skull as non-uniform, but rather, as an 
engineering sandwich material.  This takes into account the composite material of the skull, as 
well as that it is an elastic spheroidal shape filled with an inviscid, compressible fluid.  The 
impact on the head is also modeled as an arbitrary time-dependent impact.   
The calculations for the model are created starting via Hamilton’s principle.  Much of the 
equations derived for this paper were based upon the strains formed around the skull, and not 
necessarily the brain.  The free vibration analysis section of this paper discusses the motion of 
the brain more in depth, as well as the forced vibration analysis portion.   
An analysis of the resulting models determine that the conditions that cause the most stresses to 
the skull and brain.  These are, times from 10.5 to 8.5 nondimensional units (with a maximum at 
8.5) with a force at the impact pole, and an angle of 9 degrees (doesn’t say from where?).  A 
further analysis states that “the maximum negative pressure at the counterpole is less than the 
maximum negative pressure at the impact pole.” (pg 282). They used the same loading function 
as Benedict, Harris and Rosenberg (1970). They mention that, due to their research, it appears 
that the skull fractures will most likely be seen in the region defined by phi=45 degrees, and 
probably around the pole of impact.  Negative pressure is the main factor in causing concussion, 
as excessive positive pressure does little damage to the brain.  These forces of negative pressure 
are found at the pole and counterpole of the brain.  To correctly model the brain, the author 
advises to use a simple homogeneous shell model.   
C.4: Model 4 – Ljung 
Ljung, C. "A Model for Brain Deformation due to Rotation of the Skull." Journal of 
Biomechanics 8.5 (September 1975): 263-74. Print.  
Models were created previous to the one currently in discussion.  To summarize, these models 
were Pudenz and Sheldon (1946), Hodgson et al (1966), and Got et al. (1974), and they were 
used to measure distortion of the brain following TBI.  Other models were analytical models, 
such as Christensen and Gottenberg (1964), Lee and Advani (1970), Liu and Chandran (1973) 
and Bycroft (1973). These models were all based upon a sphere and were three dimensional.  
The problems with these models are that the brain is NOT a sphere, nor is rotationally 
symmetric; therefore, these models are not accurate.  The brain should actually be modeled as a 
semi sphere because of the superior sagittal sinus.   
For this model, the falx cerebri and the skull are used as the boundaries of and are considered to 
be stiff.  Therefore, according to the boundaries, the model will be based upon a semi-spherical 
shape contained within a half sphere. The model is not calculated with a fluid layer between 
itself and the boundaries.  Also, this brain model only considers the region surrounding the 
superior sagittal sinus.  The brain itself is considered homogenous and the bulk modulus of the 
brain was found as 2000 MPa.  The shear modulus was derived previously, and was determined 
to be 1700 Pa.  All of the following equations can be used to determine relative displacement, 
movement, shear and stress.  
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Infinite Cylindrical Shell Containing Viscoelastic Material: Using the Navier-Stoke’s equation, 
and introducing boundary conditions and a finite Hankel transform, Ljung developed equation 
(6). After introducing initial conditions and several other calculations, it ends up as equation (9). 
Cylinder Closed at One End with Viscoelastic Material:  Following a very similar approach as 
above, Ljung created the final equation (15).  There were different boundary conditions and 
therefore created this difference. Subsequently, the equation is Laplace transformed with respect 
to time to create (18) and is then the Hankel transform is inverted to finally create (20).  
Spherical Model containing Viscoelastic Material: They follow the same first steps, with a 
Navier-Stokes equation, Hankel transforms, and Bessel functions.  The resulting equation is (33).  
It is then simplified to (34) by using several assumptions. Generally, this solution is very similar 
to the cylindrical cases.  
Finally, Ljung takes brain matter from cadavers and places it in tests simulating a concussive 
force. The resulting material parameters (Kinematic viscosity and Shear Modulus) are taken 
during differing tests. These differ largely, but this is most likely due to lack of control over the 
length the cadaver was set in storage and the variability between subjects.    
 
 74 
Appendix D: IRB Survey Questions 
 
 
 
 
Subject number:   
Head Circumference:  
Head Width/Length:  
Years of soccer experience:  
Have you ever worn soccer headgear before?  
Before Exercise 
On a scale of 1-10, how comfortable is the 
headgear(1 being uncomfortable, 10 being 
comfortable): 
 
Which part is the most comfortable on the headgear?  
If uncomfortable, what do you feel is the most 
uncomfortable place of the headgear? 
 
Please describe how you think the headgear fits on 
your head (ex. How the elastic fits on your head, how 
the strap feels, etc.)  
 
On a scale of 1-10, please rank the fit (1 being 
completely loose, 5 being comfortable, and 10 being 
too tight): 
 
After Exercise: 
On a scale of 1-10, how comfortable is the headgear 
now (1 being uncomfortable, 10 being comfortable): 
 
If uncomfortable, what do you feel is the most 
uncomfortable place of the headgear? 
 
Please describe how you think the headgear fits on 
your head after the exercise  
 
On a scale of 1-10, please rank the fit (1 being 
completely loose, 5 being comfortable, and 10 being 
too tight): 
 
On a scale of 1-10, how warm did your head get (1 
being comfortable and 10 being extremely hot): 
 
What areas on your head felt the warmest:  
